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1.  Introduction
The subduction of oceanic plateaus, seamounts, and island arcs at convergent margins can cause the accretion 
of lower-plate material to the upper plate, often resulting in significant permanent forearc deformation (e.g., 
Brandon et al., 1998; Clowes et al., 1987; Hasebe & Tagami, 2001; Menant et al., 2020; Parsons et al., 1999). 
Northern Cascadia, along the western margin of North America, presents a classic example of accretion of 
oceanic terranes. Sequential accretion of the Intermontane belt, Wrangellia, and Siletzia, along with smaller 
associated terranes has shaped the geology of the western ∼1,000 km of the North American continental crust 
throughout the Mesozoic and Cenozoic (e.g., Davis et  al.,  n.d; Dickinson,  2004; Monger et  al.,  1982; Wells 
et al., 1984). The latest of these events, the Eocene accretion of Siletzia, is considered a prime example of a 
large Iceland-like ocean island plateau colliding with the upper plate (e.g., Eddy et al., 2017; Kant et al., 2018; 
Massey, 1986; Miller et  al., 2022; Wells et  al., 1984), however the strain record resulting from this collision 
remains incompletely understood.

On southern Vancouver Island, Canada, several major tens to hundreds kilometers long terrane-juxtaposing 
faults (the San Juan, Survey Mountain, and Leech River faults) separate the westernmost basement terranes 
that were involved in the latest accretion event (Wrangellia, Pacific Rim terrane, and Siletzia; e.g., Fairchild & 
Cowan, 1982; Monger, 1977; Wells et al., 2014, 1984). These faults have been considered to play a significant 
and primary role in the addition of lower plate material to the crust of the upper plate, and to have accommo-
dated large displacements resulting from accretion (e.g., Brandon, 1989b; Fairchild & Cowan, 1982; Groome 
et al., 2003; Johnson, 1984a). However, exactly how the terrane-juxtaposing faults in northern Cascadia accom-
modated accretion, and whether the deformation associated with the accretion events mainly occurs across a 
single structure, or is distributed across a network of structures, remain ambiguous (England & Calon, 1991; 
Fairchild & Cowan, 1982; Johnson, 1984a; Rusmore & Cowan, 1985).

Abstract  The San Juan fault (SJF), on southern Vancouver Island, Canada, juxtaposes the oceanic 
Wrangellia and Pacific Rim terranes in the northern Cascadia forearc, and has been suggested to play a role 
in multiple Mesozoic-Cenozoic terrane accretion events. However, direct observations of the SJF's kinematics 
have not been documented and its exact role in accommodating strain arising from terrane accretion is 
unknown. To test if, how, and when the SJF accommodated accretion-related strain, we use geologic mapping, 
kinematic inversion of fault-plane slickenlines, and dating of marine sediments to constrain the timing and 
direction of brittle slip of the SJF. P- and T-axes from kinematic inversions indicate predominantly left-lateral 
slip. Left-lateral brittle faulting cross-cuts ∼51 Ma magmatic intrusions and foliation, providing a maximum 
age of brittle deformation. The fault zone is non-conformably overlain by a >300 m-thick sequence of clastic 
marine shelf and slope sediments that are not left-laterally offset. A strontium isotope age of foraminifers helps 
constrain the depositional age of the sediments to late Eocene–early Oligocene, bracketing left-lateral slip to the 
Eocene. Eocene left-lateral slip is temporally and kinematically consistent with regional southwest-northeast 
compression during accretion of the Siletzia ocean island plateau, suggesting brittle slip on the SJF 
accommodated strain resulting from the accretion of this terrane. This result does not support hypotheses that 
brittle slip along the SJF directly accommodated earlier accretion of the Pacific Rim terrane to Wrangellia, 
instead it offsets the older accretionary boundary between these two terranes.
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Located in the Cascadia forearc of southern Vancouver Island, the San Juan fault (SJF) places the southern extent 
of the Wrangellia terrane in fault contact with accretionary prism and melange rocks of the Pacific Rim terrane 
(Figure 1). Although this major terrane-juxtaposing structure is documented to play a pivotal role in the amal-
gamation of the northern Cascadia forearc (Figure 1; England & Calon, 1991; Johnson, 1984a; Muller, 1977; 
Rusmore & Cowan, 1985), there are several competing hypotheses regarding its role in forearc deformation and 
terrane accretion. This structure is traditionally considered as a thrust fault that accommodated the accretion of 
the Pacific Rim terrane to the upper plate in the late Cretaceous to early Eocene (Brandon, 1989b; MacLeod 
et al., 1977; Muller, 1977). However, it is suggested that the SJF could have instead facilitated significant Meso-
zoic forearc translation via strike-slip faulting (Johnson, 1984a; Rusmore & Cowan, 1985), while others speculate 
it was a tear fault related to the Eocene accretion of the oceanic plateau of the Siletzia terrane (Figure 1, England 
& Calon, 1991; Fairchild & Cowan, 1982).

In this article, we place new constraints on the timing and slip history of the SJF using geologic mapping, 
fault kinematics from fault plane slickenlines, and new stratigraphic ages from strontium (Sr) isotope dating 
of foraminifers in marine sedimentary rocks. These analyses, together with cross-cutting relationships between 
previously dated metamorphic foliation and igneous intrusions, bracket the timing of brittle slip on the SJF and its 
associated kinematics. Our results challenge the hypotheses that the brittle SJF was primarily a reverse structure 
or right-lateral fault formed in response to the accretion of the Pacific Rim terrane. Instead, we suggest that it was 
a major brittle left-lateral fault that accommodated forearc deformation in response to the Eocene accretion of the 
Siletzia terrane, and that it cross-cuts the older terrane-bounding structure between Wrangellia and the Pacific 
Rim terrane.

2.  Mesozoic-Cenozoic Terrane Accretion on Southern Vancouver Island
The assembly, deformation, and sedimentation history of the northern Cascadia forearc have been greatly affected 
by the accretion of geologic terranes to ancestral North America throughout the late Mesozoic to Cenozoic eras. 
Three of these major accreted terranes, Wrangellia, Pacific Rim, and Siletzia, have been mapped on southern 
Vancouver Island (Figure 1; MacLeod et al., 1977; Muller, 1977; Rusmore & Cowan, 1985).

The island arc and oceanic plateau related rocks of Wrangellia, which lie north of the SJF (Figure  1), were 
accreted to North America during the Mesozoic (e.g., Brandon et al., 1986; Monger, 1977; Monger et al., 1982; 
Sigloch & Mihalynuk, 2017). Wrangellian basement consists of Paleozoic island arc-related volcanic and sedi-
mentary rocks, overlain by a sequence of Triassic ocean island basalts and marine sediments (Figure 2, Brandon 
et al., 1986; Monger, 1977; Monger & Journeay, 1994). The Cretaceous forearc basin sediments of the Nanaimo 
Group were deposited atop Wrangellian basement following accretion (England & Calon, 1991; Mustard 1994; 
Mustard et al., 1995), followed by the deposition of Paleocene to Middle Eocene fluvial sediments of the Chuck-
anut Formation in Washington State (Johnson, 1984b; Mustoe et al., 2007).

The Pacific Rim terrane, south of the SJF (Figure 1), is suggested to have accreted to or been juxtaposed against 
ancestral North America along the SJF and/or Survey Mountain faults (Figure 2; Brandon, 1989b; Fairchild & 
Cowan, 1982; Groome et al., 2003; Rusmore & Cowan, 1985). The terrane is composed of Jurassic to Paleocene 
pelagic and shelf sediments, and volcanics that accreted to the upper plate during the Late Cretaceous to Eocene 
(Fairchild & Cowan, 1982; Rusmore & Cowan, 1985). Two separate units, the Pandora Peak unit and Leech River 
Complex, have been mapped within the Pacific Rim terrane (Figure 2). The Pandora Peak unit is interpreted as 
a subduction zone melange, consisting of interbedded lawsonite-bearing argillite and greywacke, and tectonic 
blocks of tuff, chert, and minor limestone. The Pandora Peak unit underwent high-P, low-T metamorphism in 
the Late Cretaceous between 99 and 83 Ma (Rusmore & Cowan, 1985), and contains a metamorphic assemblage 
distinct from Wrangellia (Brandon, 1989b; MacLeod et al., 1977; Muller, 1977). The Leech River Complex is 
south of the Pandora Peak unit and is composed primarily of pelitic rocks (Figure 2), which underwent high-T, 
low-P, greenschist-to amphibolite-grade metamorphism at 51 Ma (Groome et al., 2003), or between 41 and 39 Ma 
(Fairchild & Cowan, 1982). The nature of the contact between the Pandora Peak and Leech River Complex is not 
known, but their distinct metamorphic histories suggest they may be in fault contact (Rusmore & Cowan, 1985).

Eocene accretion of the Siletzia ocean island plateau basalts to northern Cascadia resulted in extensive and 
widespread deformation across the ancient forearc (e.g., Eddy et al., 2016; England & Calon, 1991; Groome 
et  al.,  2003; Johnston & Acton,  2003; Miller et  al.,  2016; Wells et  al.,  2014). Previous studies suggest that 
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Siletzia accretion occurred along the South Whidbey Island and Leech River fault zones, causing Siletzia to 
be placed in fault contact with the Leech River Complex of the Pacific Rim terrane (Figure 2, Calvert, 1996; 
Clowes et al., 1987; Hyndman et al., 1990; Sherrod et al., 2008). Siletzia accretion has also been associated with 
crustal shortening in the inner forearc. For example, the Cowichan fold and thrust belt is documented to have 
accommodated extensive southwest-northeast crustal shortening among the sediments of the Nanaimo Group and 

Figure 1.  Geologic terrane map of northern Cascadia showing the San Juan fault (SJF) and related structures that may 
have resulted from terrane accretion. The implied fault slip and shortening during the accretion of Siletzia is shown on the 
Leech River fault (LRF), South Whidbey Island fault (SWIF), Devils Mountain fault (DMF), the Cowichan fold and thrust 
belt (CFTB), the Swauk basin, and the Fraser–Straight Creek fault (FSCF). The modern subduction zone where the Juan 
de Fuca (JDF) plate subducts beneath the North America (NA) plate is shown for reference. Light brown shows location 
of Siletz terrane under cover. Inset shows full extent of Siletzia on the western margin of North America, and the extent 
of the main figure (black box). Adapted from Bird (2003), Cui et al. (2017), Miller et al. (2016), Phillips et al. (2017), and 
Schuster (2005).
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Chuckanut Formation, as well as the basement rocks of Wrangellia and the Pacific Rim terrane (Figures 1  and 2; 
Eddy et al., 2017; England & Calon, 1991; Johnson et al., 1996; Johnston & Acton, 2003; Massey, 1986; McCrory 
& Wilson, 2013; Wells et al., 2014). To the south of the Cowichan fold and thrust belt, accretion of Siletzia is 
thought to have resulted in folding of sediments in the Swauk basin and their underlying basement terranes, and 
right-lateral offset and the formation of sedimentary basins on the north-south striking Fraser–Straight Creek 
fault (Figure 1; Donaghy et al., 2021; Eddy et al., 2016; Miller et al., 2016).

Deposition of the late Eocene–Oligocene Carmanah Group strata, now exposed along the west coast of Vancou-
ver Island (Figure 2), began after the Siletzia accretion (e.g., Garver & Brandon, 1994; Johns et al., 2012; Tiffin 
et al., 1972; Yorath, 1980). These marine clastic sediments unconformably overlie both Wrangellia and Pacific 
Rim terrane basement, and are exposed up to ∼6 km inland from the west coast near the western extent of the 

Figure 2.  Bedrock geology of southern Vancouver Island and Site I–V locations. Thrust faults are shown in the Cowichan fold and thrust belt (England & 
Calon, 1991). Legend shows tectono-stratigraphic relationships of geologic units and terranes. Bedrock faults and geology are adapted from the British Columbia 
Geological Survey (BCGS) map compilation by Cui et al. (2017).

 19449194, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022T

C
007317 by U

niversity O
f V

ictoria M
earns, W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

HARRICHHAUSEN ET AL.

10.1029/2022TC007317

5 of 25

SJF (Clapp & Cooke, 1917). They constitute the basal stratigraphy of a >3,000 m-thick forearc basin sequence 
(Hyndman et al., 1990; Yorath, 1980) of fossiliferous interbedded sandstones, siltstones and minor conglomer-
ates (Cameron, 1980; Clapp & Cooke, 1917; Jeletzky, 1954; Narayan et al., 2005). The Carmanah Group has 
been divided into three separate units, from oldest to youngest: the Escalante, Hesquiat, and Sooke Forma-
tions (Cameron, 1980; Clapp & Cooke, 1917; Jeletzky, 1954; Johns et al., 2012; Muller et al., 1981; Narayan 
et  al.,  2005). This sedimentary sequence is interpreted as being deposited in an upper bathyal-lower neritic 
(Hesquiat and Escalante) to inner neritic-littoral environment (Sooke), with an overall regression in relative sea 
level (Cameron, 1980; Jeletzky, 1954; Narayan et al., 2005; Prothero et al., 2008; Tiffin et al., 1972). Biostra-
tigraphy (Cameron, 1980; Johns et al., 2012; Narayan et al., 2005; Tiffin et al., 1972), Sr isotope stratigraphy 
(Johns et al., 2012), and paleomagnetism (Prothero et al., 2008) place the Carmanah Group as late Eocene–early 
Oligocene in age, with the Eocene-Oligocene boundary occurring in the Hesquiat Formation.

3.  The SJF
The present surface trace of the SJF is west-to southwest-striking, and transects southern Vancouver Island for 
∼80 km (Figure 2). The western portion of the SJF juxtaposes metasedimentary rocks of the Pacific Rim terrane 
with Paleozoic and Mesozoic island arc-associated rocks of Wrangellia (Rusmore & Cowan, 1985). East of the 
Survey Mountain fault, which splays off the SJF to the southeast, the SJF offsets different units of the Wrangel-
lia terrane. Carmanah Group sedimentary strata are suggested to non-conformably overlie the fault at the far 
western extent of the SJF (Fairchild & Cowan, 1982; Rusmore & Cowan, 1985). However, before this study, 
detailed mapping has yet to precisely determine the cross-cutting relations between the SJF and the Carmanah 
Group. At its far eastern extent, the SJF intersects Cretaceous marine sediment of the Nanaimo Group; however, 
its stratigraphic relation with these sediments is obscured by Quaternary sedimentary cover (Figure 2; England 
& Calon, 1991).

Only a few details on the orientation, timing, and kinematics of the SJF are presented in previous literature. 
Rusmore and Cowan (1985) describe the fault as a steeply dipping ∼75 m-wide zone of cataclasite, and seismic 
reflection data also show the SJF as a steeply dipping crustal structure (Clowes et al., 1987). Although no direct 
observations of the fault's kinematics have been reported several hypotheses regarding its kinematics have been 
proposed. High-P, low-T metamorphism of the Pandora Peak unit in the Late Cretaceous between 99 and 83 Ma, 
has been used as evidence that the SJF accommodated underplating along a subduction thrust (Brandon, 1989b; 
MacLeod et al., 1977; Muller, 1977). However, different metamorphic assemblages of the Pandora Peak unit 
and Wrangellia across the SJF led (Rusmore & Cowan, 1985) to conclude that juxtaposition of the Pandora Peak 
unit and Wrangellia occurred along a high-angle reverse or left-lateral fault after subduction-related metamor-
phism. Abrupt facies changes and the petrography of sediments formed marginal to the SJF have been used to 
imply right-lateral motion along the SJF during juxtaposition of Wrangellia and the Pacific Rim terrane (John-
son, 1984a). Finally, the SJF has also been hypothesized to be optimally oriented as a left-lateral fault during 
Eocene accretion of the Siletzia oceanic plateau (Figure 1, England & Calon, 1991; Fairchild & Cowan, 1982).

Northeast-southwest shortening in the Leech River Complex and the Cowichan fold and thrust belt during Eocene 
accretion of Siletzia has been used to speculate that the SJF may have accommodated left-lateral slip during the 
Eocene (Fairchild & Cowan, 1982), which may have taken the form of a tear fault or oblique ramp that soles 
into the Cowichan fold and thrust belt (England & Calon, 1991). The left-lateral hypotheses are consistent with 
bedrock geologic maps that portray ∼60 km of apparent left-lateral offset of Wrangellia rocks (Figure 2, DeBari 
et al., 1999; Muller, 1977). However, no direct correlation of structures within Wrangellia has been documented 
across the SJF.

Post-Eocene slip of the SJF has previously been ruled out due to a lack of evidence for strike-slip faulting in the 
overlying Carmanah Group sediments (e.g., Fairchild & Cowan,  1982; Rusmore & Cowan,  1985). However, 
Holocene-active oblique right-lateral slip on the Leech River fault, only 10–25 km south of the SJF, has been 
recently documented (Harrichhausen et al., 2021; Morell et al., 2018, 2017). Therefore, detailed stratigraphic and 
structural analyses of the Carmanah Group sediments that directly overlie the SJF are needed to determine if the 
SJF has been reactivated since the Eocene.
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4.  Methods
4.1.  Fault Geometry and Kinematics

To constrain fault geometry and kinematics, we conducted detailed geologic and structural mapping at 5 sites 
(Sites I–V) along the SJF and related structures (Figure 2). Dense vegetation limits outcrops to road cuts, quar-
ries, creeks, and exposed beach platforms. We measured fault plane orientations and associated slickenlines 
from these outcrops, along with the orientations of bedding and foliation planes. Stereonet projections of these 
orientations were plotted and analyzed using the Stereonet 10.1.6 software (Allmendinger et al., 2011; Cardozo 
& Allmendinger, 2013). Tabulated structural data are provided in a data repository (Harrichhausen et al., 2022).

Slickenlines were used to determine brittle fault kinematics (e.g., Marrett & Allmendinger,  1991; Riller 
et al., 2017). Fault slip inversions from measurements within a fault zone relate to local strain, and can be used 
to infer the kinematics of a nearby master fault (Riller et al., 2017). We used criteria such as slickenfibers (e.g., 
Fagereng et al., 2011), and concentric markers, fractures, steps, and trailed material, described in Doblas (1998), 
where offset markers were not visible. We measured 836 fault planes and ∼60%, or 494 of those planes had kine-
matic indicators where both a rake and slip sense could be determined. The most common criteria for evaluating 
slip sense were slickenfibers, offset of bedding planes, steps, and riedel shears. Fault planes with slickenlines were 
mapped and measured at outcrop scale, and were grouped into populations based on variables such as outcrop 
location, fault plane strike, and lithology. Further site specific explanations for grouping of faults are reported 
in the results section. The principal kinematic axes (incremental strain axes) and P- and T-dihedra for each fault 
plane were calculated using FaultKin 8.1.2 software (Allmendinger et al., 2011; Marrett & Allmendinger, 1990). 
We then used FaultKin to determine the principal kinematic axes for each population of faults and associ-
ated fault plane solutions using a linked Bingham analysis of the P- and T-axes (Betka et al., 2016; Marrett & 
Allmendinger, 1991). For each data set, we used the Max Compatible Faults algorithm to remove faults with 
P-dihedra that did not encompass the bulk shortening axis of the sample set (e.g., Allmendinger et al., 1989). 
We interpret these remaining data, which constitute ∼22% of the total data set, to represent faults that may have 
formed during a different deformation event, or were measured from fault slickenlines with ambiguous kinematic 
indicators (e.g., Doblas, 1998) that could result in misinterpretation of slip sense. For example, certain steps and 
concentric markers can potentially indicate two opposite slip senses (Doblas, 1998). Because of these possibili-
ties, we consider these measurements as outliers or scatter in our data, and they are excluded from our kinematic 
inversions. Tabulated fault plane and slickenline data used for kinematic inversions are provided in a data repos-
itory (Harrichhausen et al., 2022).

4.2.  Timing of Fault Slip

To constrain the minimum age of fault slip on the SJF, we mapped and dated the Carmanah Group marine sedi-
ments to test if these sediments were deposited after slip on the SJF. We examined sedimentary strata on exposed 
platforms and beach cliffs along the southwest coast of Vancouver Island to determine sediment lithology, struc-
tures, and depositional environments. We used structural contour mapping (e.g., Groshong, 2006) of the basal 
contact of the sediments, identified at seven outcrops, to estimate the extent of the sediments in areas with little 
exposure. We also used this method to interpolate the maximum elevation of this unit where no outcrop could be 
accessed, and the maximum thickness of the unit at the coast in the map area.

We used Sr isotope stratigraphy ages of an abundant foraminifer species from samples collected from the 
Carmanah Group stratigraphy to determine the depositional age of the sediments. In preparation for Sr isotope 
analyses, the same species of foraminifers were hand-picked from a specific sample residue by selecting the 
most abundant and diagnostic species with the least diagenetic and thermal alteration of specimens. Selected 
specimens from the study area had some diagenetic alteration of the external foraminifer shell material where 
they showed chalky white outer shell material. Some specimens were selected that had more interior depth with 
much less diagenetic alteration. This was done in order to achieve results that reflected unaltered material, instead 
of a mixture of interior and exterior shell material. Ten to seventy foraminifers were selected from each sample, 
depending on the size and number of specimens available. Although we collected 49 samples, only two samples 
had sufficient specimens to provide internally consistent Sr isotope ages.

 87/86Sr isotope analyses were completed at the University of Waterloo by the Thermal Ionization Mass Spectrom-
etry Facility, using a Thermo Finnigan Triton instrument. A reported result for  87/86Sr was obtained using 120 
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measurements, with raw data normalized using  88/86Sr = 8.375209 and corrected against the NIST987 standard 
reference material where  87/86Sr = 0.710248 (McArthur et al., 2020).  87/86Sr results are presented to six decimal 
points as raw normalized to NIST-SRM-987 and USGS EN-1 standards. Sr isotope age is determined using a 
McArthur LOWESS 5 Best Fit 26 03 13 look-up table (McArthur et al., 2020) that includes minimum, mean, 
and maximum values and gives Series/Epoch and a geologic age. The error for the Sr isotope age is calculated by 
subtracting or adding each maximum or minimum look-up age table result from the mean. We report the age for 
our sample as the range between the minimum and maximum ages calculated using both standards. Detailed Sr 
isotope data are provided in a data repository (Harrichhausen et al., 2022).

5.  Results
We first describe the stratigraphy and age constraints of the Carmanah Group sediments that have been suggested 
to overlie the westernmost ∼4 km of the SJF's surface trace at Site I (Figure 2). We then describe deformation 
observed along the SJF and related structures from west to east at Sites I–V.

5.1.  Site I Stratigraphy

The Carmanah Group at Site I is a greater than 300 m-thick, fining-upwards sequence of clastic marine sediments 
that non-conformably overlies the basement Mesozoic intrusive rocks and the Pandora Peak unit, as well as the 
SJF (Figure 3). These sediments outcrop at sea level along a ∼50–100 m-wide wave-cut platform with a <40 m 
high sea cliff, up to an elevation of ∼400 m inland. Strata in this unit dip uniformly 3°–20° toward the southwest 
(Figure 3), except for locally steep cross-stratification and bedding planes near the basal contact or steep normal 
faults. From southeast to northwest along the coastline, rocks successively higher in the stratigraphy and a thicker 
stratigraphic section are exposed. Five stratigraphic sections (Figures S1–S5 in Supporting Information S1), at 
locations V through Z on Figure 3, were used to construct a generalized stratigraphic sequence of the Carmanah 
Group sediments in the study area (Figure 4).

The basal contact between the basement terranes and the Carmanah Group sediments is erosional, and over-
lain by boulder-cobble conglomerate with a coarse sand to granule matrix containing abundant shell fragments 
(Figure 5a). We identified the basal contact of the Carmanah Group at seven locations, and contour mapping 
suggests that the attitude of the basal contact dips gently southwest (∼8°) with similar dip to overlying strata (e.g., 
Figure 5a). The basal conglomerate ranges from ∼0.5–1 m thick at Owen Point (V, Figure 3), to >10 m thick 
along upper Walbran Creek and where it is exposed at higher elevations (∼400 m) north of the modern coastline 
(Figure 3).

A fining-upwards package of predominantly medium and fine-grained sandstone conformably overlies 
the basal conglomerate (Figure  4). Immediately above the conglomerate are ∼10–25  m of 1–2 m-thick 
fining-upward sequences containing medium-to coarse-grained calcite-cemented sandstone with hummocky 
and uni-directional cross-stratification (Figure  5b), abundant shell fragments, and decimeter-scale burrows 
(Figure 5c). These fining-upwards sequences are conformably overlain by ∼10 m of massive to faintly bedded, 
fine-to medium-grained sandstone containing abundant 0.1–0.5 m-thick oblate concretions encasing gastropod, 
bivalve, scaphopod, and plant fossils (Figures 5d and 5e). Above the concretion-bearing sandstone beds are 1–3 
cm-thick beds of fine-to medium-grained sandstone with discontinuous cm-thick organic-rich seams (Figure 5f). 
Hummocky cross-stratification and abundant broken shells indicate that the sediments nearer to the base of the 
sequence were likely deposited in a high-energy environment above wave base, while the organic-rich seams 
higher in the stratigraphy may indicate deposition in deeper water, such as a coastal lagoon environment.

Greater than 100  m above the basal contact (Figure  4), the stratigraphy is composed of well-bedded fine-to 
medium-grained lithic sandstone containing abundant fragments of bivalve, scaphopod, and gastropod shells. 
The fine-to medium-grained sandstone is cut by >2 m-thick channel deposits of medium to coarse sand that strike 
190°–220° (Figure 5g), which is perpendicular to the modern coast line.

Sr isotope age results, although limited, are consistent with a late Eocene–early Oligocene depositional age for 
the lower 60 m of the Carmanah Group at Site I. Cibicides sp. 1 foraminifers from sample Q2-15 collected in 
Quarry 2 (Location Q2, Figure 3), suggest a mean age of 33.75 ± 0.52 Ma when using the USGS EN-1 stand-
ard and 33.96 ± 0.51 Ma when using the NIST-987 standard (Table 1). Using the entire range of ages from 
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our measurements, we determine that the foraminifers in this sample were deposited between 34.45 Ma and 
33.25 Ma. Sr ages obtained from the bivalve fragments and Quinqueloculina sp. 1 foraminifers (Table 1) at Q2 
and W yielded ages that differ significantly from previous Eocene-Oligocene age estimates of the Carmanah 
group (Cameron, 1980; Johns et al., 2012; Narayan et al., 2005; Prothero et al., 2008; Tiffin et al., 1972), suggest-
ing either significant diagenetic alteration of these fossils, a terrestrial or other source of Sr, and/or reworking 
of older fossils in the sediments of the Carmanah Group preventing accurate Sr isotope dating (e.g., Mesozoic 
ages in Table  1). Our structural contour mapping places the Q2 sample between ∼10 and ∼40  m above the 
basal contact of the Carmanah Group. Given the similar lithologies suggesting a continental shelf depositional 
environment we document at several locations near the base of the Carmanah Group at Site I (Figures S1–S5 in 
Supporting Information S1), we interpret this age to provide a generalized constraint on the depositional age that 
is consistent with published age estimates of the Hesquiat Formation (Cameron, 1980; Johns et al., 2012; Narayan 
et al., 2005; Prothero et al., 2008; Tiffin et al., 1972).

5.2.  Deformation

The structure of the SJF varies from west to east along its surface trace. At its western extent at Sites I and II 
(Figure 2), a wide, 1 km-wide brittle fault zone overprints ductile deformation. Toward the east at Sites IV and 

Figure 3.  Bedrock geology overlain on slope map of Site I (location shown in Figure 2). Geologic cross-section (a–b) shown at bottom left. Q2 and V–Z denote 
locations of stratigraphic columns (Figure 4). Inset maps of Quarry 1 (Q1) and Quarry 2 (Q2) are shown in (Figure S7 in Supporting Information S1). Lower 
hemisphere equal area stereonet projections at top of map show fault planes, slickenlines, P- and T-axes, linked Bingham fault plane solutions, and principal strain axes 
(1: maximum, 2: intermediate, 3: minimum) of brittle deformation events 1 (D1) and 2 (D2) from specified locations. n = number of compatible slickenline orientations 
used in kinematic inversion. Tabulated kinematic axes are shown in Table 2. Stereonet projections of poles to bedding in the Carmanah Group marine sediments and 
poles to foliation in the Mesozoic intrusive rocks and the Pandora Peak unit are also shown. Geology legend from Figure 2.
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V, the brittle SJF is still observed, but there is no obvious ductile shear zone. 
We present the structural observations at each one of these sites, along with 
Site III, which lies south of the main SJF fault strand. Fault plane slickenline 
kinematic inversions of fault populations from each study site are shown in 
Table 2. The kinematic axes 1, 2, and, 3 in Table 2 are the maximum, inter-
mediate, and minimum principal strain axes (with respect to extension of an 
ellipsoid), respectively, from each kinematic inversion.

5.2.1.  Site I

5.2.1.1.  Ductile Deformation at Site I

The SJF at Site I is a ∼1 km-wide brittle-ductile shear zone that offsets Meso-
zoic intrusive rocks of Wrangellia to the north against meta-sediments and 
volcanics of the Pandora Peak unit in the Pacific Rim terrane to the south 
(Figure  3). Foliation associated with ductile deformation in the Mesozoic 
intrusive rocks is primarily steeply north-dipping, west-southwest-striking, 
and sub-parallel with the strike of the SJF at Site I (Figure 3). In the Pandora 
Peak unit, the foliation is steeply north-dipping and strikes east-west. It 
cross-cuts folded primary compositional layering or bedding that is predom-
inantly steeply north-dipping and west- northwest-striking (Figure 3). Gently 
dipping surfaces exposing σ-clasts, asymmetric folds, and minor offsets of 
compositional layering and foliation indicate apparent left-lateral ductile 
shear sense in the Pandora Peak unit (Figure S6 in Supporting Informa-
tion  S1); however, a sense of slip was not apparent in the shear fabric of 
the Mesozoic intrusive rocks. Quartz-calcite cemented fault zones with a 
fine-grained scaly fabric, defined as a macroscopic fabric formed by perva-
sive anastomosing surfaces cross-cutting argillaceous or clay-rich material 
(e.g., Bradbury et  al.,  2011; Cowan,  1985; Kirkpatrick et  al.,  2015; J. C. 
Moore et al., 1986; Vannucchi, Maltman, et al., 2003), cross-cut the ductile 
shear zone between these units. The largest m-scale cemented fault zones are 
subvertical and west- northwest-striking.

5.2.1.2.  Brittle Deformation at Site I

Evidence for two distinct brittle deformation events was observed at Site I, 
an older event that only deforms the basement rocks, and a younger event 
that deforms all strata including the overlying Carmanah Group.  Faulting 
associated with the first, older event cross-cuts the ductile SJF, the Meso-
zoic intrusive rocks, and the Pandora Peak unit (Figure 3). The faults consist 
of cataclasite-rich m-wide reverse faults and narrow (cm-scale) planar 
strike-slip faults. The reverse faults are typically moderately to steeply 

north-dipping, and have 0.1–2 m-thick fault cores consisting of fault gouge. These fault cores are surrounded 
by >2 m-thick damage zones with quartz, calcite, epidote, and chlorite slickenfiber growth on fault planes (e.g., 
Figure 5h). The thinner planar faults typically are subvertical west-striking left-lateral faults, and northwest-to 
north-striking right-lateral faults. However, we observed one wider (∼2 m-wide) northwest-striking right-lateral 
fault that offsets the SJF by <1 km (exposed at Q1, Figure 3; Figure S7 in Supporting Information S1). This fault 
is oriented approximately 45° to the main strand of the SJF.

Kinematic inversion of the faults representing this older deformation event affecting the basement terranes 
indicates predominantly reverse slip with a lesser left-lateral strike-slip component. This inversion implies a 
north-northeast-south-southwest maximum shortening direction (Table 2; D1 stereonets, Figure 3). Right-lateral 
slip on west- northwest-striking subvertical faults, including the 2 m-wide right-lateral fault that offsets the 
ductile SJF at Q1, is kinematically consistent with this inversion.

The second deformation event, deforming both the basement terranes and the overlying Carmanah Group sedi-
ments, consists of two populations of normal faults with minor offsets. The first population is a set of coast-parallel 
(east-southeast to west-northwest) faults that predominantly dip ∼60° to the northeast. The second is a set of 

Figure 4.  Generalized stratigraphic section showing clastic sedimentary 
sequence of the Carmanah Group at Site I. Basal portion section is based on 
sedimentary stratigraphy at Owen Point. Conglomerates near the basal contact 
are thicker at higher elevations (e.g., upper Walbran Creek). The interpreted 
approximate stratigraphic range of Sample Q2-15, with its associated Sr 
isotope age is shown. The missing section is a result of a lack of outcrop 
between upper and lower Walbran Creek. We estimate the thickness of the 
missing section using contour mapping to be ∼40–90 m thick. The generalized 
section is based on detailed stratigraphic columns shown in Figures S1–S5 
in Supporting Information S1. The locations of these detailed stratigraphic 
columns, Q2 and V-Z, are on Figure 3. Grain size abbreviations: Cl, clay; Ms, 
medium sand; Cb, cobble.
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Figure 5.  Photos of sedimentary structures, fossils, and faults at Site I (Figure 3). (a) Boulder conglomerate (b) and gently dipping sandstone (SS) overlying schist 
of the Pandora Peak unit at basal contact of the Carmanah Group (V, Figure 3). (b) Meter-scale planar beds of medium-grained lithic sandstone with internal 
cross-stratification indicating a current flow from northeast (right) to southwest (left) (V, Figure 3). (c) Interbedded medium and coarse sandstone with hummocky 
cross-stratification, abundant broken shells and burrows. Photo taken at 22 m in Camper Creek column (W, Figure 3, Figure S3 in Supporting Information S1). (d) 
Two centimeters-wide gastropod collected from concretion-bearing massive sandstone at elevation of 250 m between Cullite and Sandstone Creeks. (e) Fibrous 
plant material found at same location as (d). (f) cm-scale carbon-rich layers interbedded with fine-medium sandstone. Located on coastline between Location W 
and Location V. (g) Four meters-wide medium-grained sandstone channel form deposited in fine-to medium-grained sandstone striking toward 215°. Photo taken on 
coast between Kulaht and Walbran Creeks. (h) Twenty to fifty centimeters-thick reverse fault cross-cutting intensely sheared Mesozoic intrusive rock. Photo taken at 
northwest-striking reverse fault ∼1 km north of the SJF (Figure 3). (i) Photograph (top) and interpretation (bottom) of normal faults cross-cutting shallowly south to 
southwest-dipping medium-grained m-scale beds of marine sandstone at the mouth of Cullite Creek. (j) Planar normal fault in Quarry 2 (Q2) cross-cutting mylonite and 
chert of the Pandora Peak unit.
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Site Sample Species n a Run # Standard  86/87Sr 2σ
Age min 
(Ma) b , c

Age mean 
(Ma) b , c

Age max 
(Ma) b , c Epoch

Q2 Q2-15 Cibicides sp. 1 120 434,155 USGS EN-1 0.707835 0.000018 33.58 33.75 33.90 Early Oligocene

Q2 Q2-15 Cibicides sp. 1 120 434,155 USGS EN-1 0.707853 0.000018 33.25 33.39 33.54 Early Oligocene

Q2 Q2-15 Cibicides sp. 1 120 434,155 USGS EN-1 0.707816 0.000018 33.96 34.11 34.27 Late Eocene

Q2 Q2-15 Cibicides sp. 1 120 434,155 NIST-987 0.707824 0.000017 33.80 33.96 34.11 Early Oligocene

Q2 Q2-15 Cibicides sp. 1 120 434,155 NIST-987 0.707841 0.000017 33.45 33.61 33.79 Early Oligocene

Q2 Q2-15 Cibicides sp. 1 120 434,155 NIST-987 0.707807 0.000017 34.15 34.30 34.45 Late Eocene

W W-8 Quinqueloculina sp. 1 59 434,151 USGS EN-1 0.707343 0.000016 88.80 88.98 89.15 Late Cretaceous

W W-8 Quinqueloculina sp. 1 59 434,151 NIST-987 0.707325 0.000015 89.38 89.53 89.65 Late Cretaceous

W W-8 bivalve, shell fragments, tubes 23 434,152 USGS EN-1 0.707071 0.000016 150.50 150.65 150.75 Late Jurassic

W W-8 bivalve, shell fragments, tubes 23 434,152 NIST-987 0.707052 0.000016 151.20 151.30 151.40 Late Jurassic

Q2 Q2-15 Quinqueloculina sp. 1 10 434,153 USGS EN-1 0.706892 0.000028 156.45 156.75 157.00 Late Jurassic

Q2 Q2-15 Quinqueloculina sp. 1 10 434,153 NIST-987 0.706892 0.000027 156.45 156.75 157.00 Late Jurassic

Q2 Q2-15 bivalve, shell fragments, tubes 15 434,154 USGS EN-1 0.706814 0.000015 N/A N/A N/A N/A

Q2 Q2-15 bivalve, shell fragments, tubes 15 434,154 NIST-987 0.706796 0.000015 N/A N/A N/A N/A

 an = number of specimens.  bAges derived from the McArthur Sr lookup table: LOWESS (26 March 2013) McArthur et al.  (2020) best fit.  cBolded ages used in 
interpretation. The remaining ages represent over-printed signatures.

Table 1 
Sr Age Results for Foraminiferal Species at Site I

Site Domain nc
 a ni

 b Kinematic axis 1 c Kinematic axis 2 c Kinematic axis 3 c

I D1 faults 30 15 57° → 095° 34° → 285° 04° → 192°

I D2 faults, Q2 23 5 03° → 210° 19° → 119° 71° → 308°

I Carmanah Group coast-perpendicular 24 0 00° → 143° 02° → 233° 88° → 048°

I Carmanah Group coast-parallel 28 0 07° → 042° 03° → 312° 82° → 203°

II Domain 1 stereonet A 28 4 32° → 103° 58° → 273° 04° → 010°

II Domain 2 stereonet B 12 3 05° → 289° 58° → 026° 32° → 196°

II Domain 2 stereonet C 31 8 03° → 101° 01° → 011° 87° → 262°

II Domain 3 stereonet D 16 5 05° → 298° 78° → 052° 11° → 207°

II Domain 3 stereonet E 12 2 23° → 099° 03° → 190° 67° → 287°

II Domain 4 stereonet F 15 0 21° → 258° 64° → 118° 15° → 354°

II Domain 4 stereonet G 3 0 67° → 191° 22° → 026° 06° → 294°

III Northwest (top left) stereonet 3 0 11° → 310° 56° → 058° 31° → 213°

III West (middle left) stereonet 4 0 08° → 262° 82° → 070° 02° → 172°

III Northeast (top right) stereonet 5 0 00° → 337° 10° → 247° 80° → 068°

III Southeast (bottom) stereonet 7 1 21° → 284° 61° → 059° 19° → 187°

IV Not including northern thrust 51 20 09° → 121° 66° → 023° 22° → 027°

V Main shear zone 21 0 71° → 233° 16° → 085° 11° → 356°

V Outside of main shear zone 60 19 73° → 297° 17° → 105° 03° → 196°

V West 11 2 47° → 105° 43° → 288° 02° → 197°

 anc = number of compatible measurements.  bni = number of excluded measurements.  cPlunge → trend of axis.

Table 2 
Kinematic Axes Derived From Inversion of Fault Slickenline Measurements
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approximately coast-perpendicular (southwest-northeast) faults that dip ∼60° to the northwest and southeast. The 
coast-parallel faults cross-cut the coast-perpendicular faults at two locations; however, the cross-cutting relation-
ship between these two populations is unclear at other locations.

A coast-parallel normal fault offsetting the overlying Carmanah Group against the Pandora Peak unit is exposed at 
Q2 (Figure 3; Figure S7 in Supporting Information S1). This fault is steeply northeast-dipping, northwest-striking, 
and has a fault core that is ∼0.5 m wide and composed of calcite-cemented cataclasite and mylonite clasts. Planar, 
moderately to steeply dipping, northwest-striking normal faults make up the majority of the faults in the footwall 
(Pandora Peak unit). These faults are planar with narrow (<10 cm) fault cores containing calcite veins (e.g., 
Figure 5j).

Both populations of normal faults cross-cutting the Carmanah Group are commonly narrow (<10 cm) and planar, 
and also contain minor calcite veins (Figure  5i). They commonly form several m-spaced bookshelf sets and 
grabens. Apparent normal offset on most faults is minor (e.g., <10 m, Figure 5i); however, several faults have 
apparent offsets greater than the size of the outcrop (∼20 m), including faults which also offset the basement 
terranes. Despite the lack of slip-constraint on some of these normal faults, we did not observe any significant 
offset of lithological units and contacts (Figure 3) that would suggest major displacements (e.g., >100 m).

Slickenline measurements on the fault planes from the second deformation event were also used for kinematic 
inversions (D2 stereonets, Figure  3; Table  2). Fault slickenline measurements indicate that both populations 
of faults observed in the Carmanah Group record normal dip-slip fault motion with rakes of 60°–90°. The 
coast-parallel population accommodated southwest-northeast extension and the coast-perpendicular set accom-
modated northwest-southeast extension. In addition, kinematic inversion of 23 predominantly northwest-striking 
normal faults cross-cutting the Pandora Peak unit in Quarry 2 indicates normal faulting with approximately the 
same kinematics as the coast-parallel normal faults in the Carmanah Group (D2 stereonets, Figure 3; Table 2).

5.2.2.  Site II

Site II is immediately east of Site I and north of the town of Port Renfrew (Figure 2). Here, the SJF is a <1 
km-wide zone of distributed brittle and ductile deformation that juxtaposes fine- to coarse-grained gabbro, dior-
ite, and marble of Wrangellia to the north with interbedded metavolcanics, schist, chert and minor limestone of 
the Pandora Peak unit in the Pacific Rim terrane to the south. The Pandora Peak unit, which is a ∼2 km-wide 
west-trending swath in map view, is in turn in contact with schist of the Leech River Complex, also within the 
Pacific Rim terrane (Figure 2). Similar to Site I, there are multiple generations of deformation recorded at Site II. 
Brittle-ductile deformation and oblique left-lateral faulting with a reverse component characterizes deformation 
recorded in the entire map area. A generation of normal faults in the Pandora Peak unit (Pacific Rim terrane) is 
observed at two locations. Finally, reverse faults with a northwest-southeast maximum shortening direction are 
also observed at one location in Wrangellian intrusives.

5.2.2.1.  Ductile Deformation at Site II

We recorded east- and west-striking foliation within all geologic units and steeply plunging folds in the Pandora 
Peak unit (Figure  6a). Foliation planes in all three units predominantly dip steeply north, consistent with a 
north-northeast-south-southwest shortening direction. Foliation attitudes measured in the Mesozoic intrusive 
rocks are variable and locally are aligned with local fault zones; however, plots of all poles to the foliation atti-
tudes from this unit indicate foliation as moderate to steeply dipping and east-west striking (Figure 6a). Within 
the Pandora Peak unit, foliation planes consistently strike west and dip steeply to the north (Figure 6a). In the 
Leech River Complex, schist foliation trends west-northwest and dips moderately to steeply north, despite broadly 
folded foliation observed at some locations (Figure 6a). Chert bedding attitudes in the Pandora Peak unit are also 
predominantly steeply north-dipping and west-striking (Figure 6a); however, bedding also forms steeply plunging 
chevron folds with an interlimb angle of ∼40°–90° (Figure S8 in Supporting Information S1).

5.2.2.2.  Brittle Deformation at Site II

Brittle faulting along the SJF at Site II consists of a 30−50 m-wide main fault zone forming the contact between 
the Pandora Peak unit and the Mesozoic intrusive rocks (Figure 6a), and surrounding subsidiary faults. A dense 
brittle fault network deforms the entire ∼2 km width of the Pandora Peak unit and cross-cuts rocks of the Leech 
River Complex and Wrangellia. The primary fault zone does not extend more than 500 m north of the Pandora 
Peak Unit—Wrangellia contact and its width within the Leech River Complex is unclear due to lack of exposure. 
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Figure 6.  (a) Bedrock geology map of Site II. Fault domains 1–4 are shown in blue. Fault planes and slickenlines, and kinematic inversion models (using n compatible 
measurements) from each fault domain are shown in stereonet projections on map. Stereonet projections at bottom (from left to right) show poles to chert bedding and 
foliation in the three lithological units. (b) Bedrock geology overlain on slope map of Site III. Small stereonet projections show kinematic inversions for fault slickenline 
measurements from outcrops indicated by arrows. Poles of east- and west-striking, moderately north-dipping foliation planes measured in the map area are shown in 
the stereonet projection at bottom right. (c) Photograph (above) and interpretation (below) of dykes intruding Leech River Complex schist. Dyke orientations, schist 
foliation orientations, poles, and measured fold hinges, and fault plane and slickenline orientations with kinematic inversion are shown from left to right in the stereonet 
projections. Best-fit great circle (dashed green great circle) and β-axis (large green dot) approximate the fold hinge, which is sub-parallel with the measured fold hinges 
(large red Xs). Tabulated kinematic axes for (a and b) are shown in Table 2. Geologic legend for (a and b) is from Figure 2 and key for (a and b) is from Figure 3. 
Geologic contacts for (a and b) adapted from BCGS map compilation by Cui et al. (2017). Fifty-meter elevation contour spacing for (a and b).
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The fault is exposed at three locations and is a steeply dipping ∼30−50 m-wide zone of intensely sheared, dark, 
fine-grained cataclasite. It exhibits anastomosing shear surfaces coated with graphite, calcite, epidote, and chlo-
rite. As the rock texture is obliterated within the fault zone, we cannot confirm if this fault is developed predom-
inantly within the Mesozoic intrusive rocks or the Pandora Peak unit.

Faults located in the Mesozoic intrusive rocks and Pandora Peak unit, away from the lithologic contact between 
the Pandora Peak unit and Wrangellia rocks, consist of brecciated wallrock, chlorite, and anastomosing shear 
surfaces that occasionally form a scaly fabric, and contain silty gouge cemented with calcite. Some fault damage 
zones also exhibit intense alteration to light gray clay and hematite. In some areas, faulted chert and siliceous 
sediments are overprinted by dense networks of quartz-calcite veins and exhibit evidence for silica flooding of 
the wallrock.

We extrapolated (along strike) the mapped major fault zones at Site II across areas with no exposure and found 
they form fault networks that could be separated into four separate fault domains, based on location, lithology, 
and predominant fault kinematics (Table  2; Figure  6a). In each domain, we observe left-lateral and oblique 
left-lateral strike-slip faults with northeast-southwest to north-south maximum horizontal shortening axes. In 
fault domain 1, variably striking oblique left-lateral and right-lateral faults, consistent with these shortening axes, 
cross-cut the Mesozoic intrusive rocks and marble observed north of the SJF (Stereonet A). In fault domains 2 
and 3, moderately- to steeply dipping ∼east-northeast and west-striking faults that cross-cut the Pandora Peak 
unit south of the SJF accommodate left-lateral oblique slip (Stereonets B and D). Finally, in fault domain 4, we 
observed <500  m of right-lateral offset of the SJF (Stereonet F) along a northwest-striking subvertical fault 
oriented approximately 40° to the main strand of the SJF. Despite the right-lateral slip sense, this fault is also 
consistent with the approximate north-south horizontal shortening axes observed in the other fault domains.

In addition, three of the fault domains have a population of oblique normal (domains 2 and 3) or thrust (domain 
4) faults (Table 2; Figure 6a). In fault domain 2, a set of mostly north- northeast-striking oblique normal faults 
(Stereonet C), and in domain 3 north- northwest-striking oblique normal faults (Stereonet E), are indicative 
of east-northeast to west-northwest extension. Conversely in fault domain 4, we observe moderately dipping 
southwest-striking reverse faults cross-cutting the Mesozoic intrusive rocks (Stereonet G).

5.2.3.  Site III

Site III lies within the Pacific Rim terrane, adjacent to and south of Site II. Here, steeply dipping northeast-striking 
brittle faults that branch southwards from the SJF cross-cut schistose foliation and intrusions in the Leech River 
Complex (Figure  6b). The intrusions are intermediate to felsic, ∼1−15 m-wide, tabular bodies consisting of 
>80% light-colored aphanitic ground mass with mm-sized foliated biotite crystals (Figure 6c). These observa-
tions suggest that the intrusions are part of the ∼51 Ma tonalite-trondhjemite-granodiorite of the Walker Creek 
unit (Groome et al., 2003). Moderately north-dipping west-striking foliation in the schist (Figure 6b) and cm-wide 
quartz-calcite veins are deformed by minor (∼1 m wavelength) close folds that have west- northwest-trending 
subhorizontal fold axes (both measured hinges and calculated fold axes using a β point: Figure 6c). Aside from 
these folds we did not observe evidence for significant ductile deformation at Site III.

5.2.3.1.  Brittle Deformation

We observe two populations of brittle faults at Site III, left-lateral strike-slip faults and normal faults. Steep 
northeast-striking strike-slip faults that cross-cut both the schist foliation and the dykes are up to 1 m in width, 
with calcite-cemented cataclasite-filled fault cores. Kinematic analyses of slickenfibers in the damage zones of 
these faults are consistent with left-lateral slip with north-south to northeast-southwest horizontal shortening axes 
(Figures 6b and 6c). The normal faults we observed are moderately dipping, northeast- and southwest-striking 
and accommodate northwest-southeast extension (Figure  6b). We did not observe cross-cutting relationships 
between the fault generations at this site, and therefore cannot determine the relative timing of each deformation 
event.

Relatively undeformed marine sandstone and conglomerate of the Carmanah Group non-conformably overlie the 
schist and intrusions along the southwest coast in the map area; however, its outcrop is limited to within ∼500 m 
of the modern beach (Figure 6b). The small outcrop at this location limited observations of deformation recorded 
in the Carmanah Group at this site.
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5.2.4.  Site IV

Site IV is located on the SJF ∼16 km east of Site II and ∼2 km west of the south-branching Survey Mountain 
fault (Figure 2). At Site IV, the SJF is a ∼1 km-wide fault zone containing several 1−10 m-wide subvertical faults. 
The fault zone includes a main terrane-juxtaposing, brittle strand of the SJF, and several other major faults that 
obliquely branch off to the north and south (Figure 7a). The main brittle strand of the SJF juxtaposes interbed-
ded andesite, basalt, limestone, and volcaniclastic sediments of the Bonanza Group (Wrangellia) to the north, 

Figure 7.  (a) Geology overlain on slope map of Site IV. Stereonet projections on the map show T- and P-axes and fault plane solutions for denoted locations. Stereonet 
projections at top left from left to right: fault planes and slickenlines within 500 m of the main strand of the SJF; T- and P-axes, kinematic axes, and linked Bingham 
fault plane solutions of 51 compatible faults; poles to schist foliation. Tabulated kinematic axes are shown in Table 2. Geologic legend is the same as Figure 2. Fifty 
meters-contour spacing. (b) Photomosaic showing the main terrane-juxtaposing fault at Site IV. (c) Interpretation of (b) with fault plane and slickenline orientations. 
LL, left-lateral slip sense, RL, right-lateral slip sense. (d–f) Congruous steps and slickenfibers formed on quartz, chlorite, epidote, and calcite coated slickenside 
surfaces indicating right-lateral slip in (d) and left-lateral slip in (e). (f) Uninterpreted photo (top) and interpreted photo (bottom) of drag folds formed in schist foliation 
indicating left-lateral slip.
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against friable schist of the Leech River Complex (Pacific Rim terrane) to the south. Moderately north-dipping, 
west-striking foliation characterizes the schist immediately south of the SJF (Figure 7a). Aside from minor fold-
ing of the schist, no post-foliation ductile deformation was observed at Site IV. In addition, unlike the sites to 
the west, a separate generation of normal faulting was not observed at this location. However, similar to Site II, 
a separate and different generation of reverse faulting is observed north of the SJF in rocks of the Wrangellia 
terrane.

The main terrane-juxtaposing strand of the SJF is visible in outcrop at one location (Figure 7a), where it is a ∼10 
m-wide left-lateral shear zone separating Bonanza Group volcanic rocks and the Leech River Complex schist 
(Figures 7b and 7c). This fault has a ∼1 m-wide fault core that exhibits a scaly fabric consisting of anastomosing 
shear surfaces coated with chlorite. No obvious slickenline orientations are visible in the fault core. In the damage 
zone immediately north of the scaly fault core, several ∼0.1–1 m-wide zones of intense deformation, marked by 
increased fracture and slip surface density, occur at a m-scale spacing. The rocks in between the zones of intense 
deformation also exhibit fractures and slip surfaces at a lower density than observed in the fault core. Kinematic 
inversion of 8 (out of 9) slickenline orientations from the damage zone, excluding the one right-lateral fault plane, 
is consistent with left-lateral slip on a steeply south-dipping, east-striking fault plane (bottom left stereonet, 
Figure 7a).

Several <1 m-wide left-lateral faults branch off the SJF at Site IV. To the north of the SJF in the Bonanza Group 
volcanic rocks, these faults are steeply dipping and strike at an angle of <45° to the contact fault. Major faults 
have ∼1−2 cm-thick anastomosing layers of clay to fine sand gouge within the fault core. Their damage zones 
consist of fractures and slip surfaces with calcite, epidote, quartz, and chlorite slickenfibers (e.g., Figures 7d 
and 7e). At the eastern extent of Site IV, kinematic analysis of one of the faults branching north from the SJF 
indicates left-lateral slip (far right stereonet, Figure 7a). To the south in the Leech River Complex, drag folding 
(Figure 7f) also indicates left-lateral shear on a northeast-striking fault cross-cutting schist foliation.

A ∼50 m-wide south-dipping reverse fault zone is located ∼600  m north of the SJF in the Bonanza Group 
volcanic rocks within the Wrangellia terrane (Figure 7a). The fault zone consists of brecciated volcanic rocks 
with pervasive calcite and quartz veins, and meter-thick zones of cataclasite consisting of pulverized volcanic 
rocks, calcite, and quartz. Six slickenline orientations from within the fault zone indicate north-verging reverse 
slip (top-middle stereonet, Figure 7a).

To assess the overall kinematics of the SJF at Site IV, we incorporated all of the fault plane and slickenline meas-
urements (n = 71) from within 500 m of the main lithological contact fault into a kinematic inversion model. This 
selection excluded fault plane and slickenline orientations from the reverse fault ∼600 m north of the SJF, as we 
interpret this structure to belong to a different generation of faulting due to its incompatible kinematic axes and 
its location north of the main SJF fault zone. The selected fault planes are predominantly moderately to steeply 
south-dipping and strike east-northeast. Kinematic inversion of 51 compatible measurements (out of 71) suggests 
that these faults accommodated left-lateral slip (Table 2; stereonets at top left, Figure 7a).

5.2.5.  Site V

Site V spans the ∼30 km of the SJF that is east of the Survey Mountain fault. This portion of the SJF is not 
terrane-juxtaposing, and instead offsets different units of Wrangellia (Figure 2). The SJF is expressed as a single 
fault strand in the western half of Site V, branching into two strands in the eastern half of Site V (Figure 8). The 
northern southwest-striking branch of the SJF projects northeast toward the Nanaimo Group sediments where it 
is obscured by Quaternary cover. Just east of this fault branch, we mapped a ∼700 m by ∼300 m-wide abandoned 
limestone quarry exposing Paleozoic volcaniclastic rocks and limestone capped by basalt. In the western portion 
of Site V, our observations were limited to a few outcrops along the SJF (Figure 8).

The quarry at Site V exposes a ∼30 m-wide, steeply north-dipping, west-southwest-striking fault zone that 
cross-cuts limestone and fine-grained sediments. The main fault zone in the quarry has several subvertical ∼1−2 
m-wide faults that exhibit dark green to black scaly fabric formed from chlorite mineralization. Fault gouge in 
these meter-wide faults also contains pulverized ankerite and calcite. Narrower fault cores (<30 cm) within the 
larger faults and planar fractures have calcite slickenfibers. Kinematic inversion of 21 fault slickenlines measured 
from within the main shear zone indicates reverse slip accommodating north-south shortening (Figure 8).
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Outside of the west-southwest-striking main fault zone faults vary from narrow (∼1 cm-wide) planar struc-
tures with little cataclasite, to ∼0.5–2 m-thick faults containing fault breccia and gouge. The majority of fault 
slickenlines (n  =  60) also indicate reverse slip accommodating  ∼  north-south shortening, suggesting these 
faults are related to the main fault zone (Table 2; Figure 8). From these kinematic inversions, we infer that the 
main west-southwest-striking fault zone at the Site V quarry is a reverse fault that is parallel and related to the 
Cowichan fold and thrust belt.

Approximately 16 km southwest of the quarry at Site V, observations of brittle faulting along the main strand 
of the SJF indicate oblique left-lateral slip.  Kinematic inversions of 11 compatible (of 13 total) slickenline 
orientations show north-south maximum horizontal shortening accommodated by left-lateral slip on a steeply 
north-dipping west-striking fault plane (Table 2; Figure 8).

6.  Discussion
6.1.  Left-Lateral Brittle Slip on the SJF

Our structural analyses and geologic mapping indicate the brittle SJF was a major structure that primarily accom-
modated left-lateral slip or left-oblique with a reverse component of slip, on an east-to northeast-striking, steeply 
dipping fault. On Figure 9a we show that at each site along the entire ∼80 km length of the SJF, there is a popula-
tion of faults with a pseudo fault-plane solution that shares common south-southwest-north-northeast maximum 
shortening axes consistent with left-lateral slip (Kinematic axis 3, Table 2). Left-lateral faults with similar maxi-
mum shortening axes are also observed on northeast-striking faults branching southwards from the SJF at Site 
III (Figure 6b). At Site IV, we directly observe the fault contact between Wrangellia and the Pacific Rim terrane 
to have left-lateral kinematic indicators (Figure  7b). The observation that the southwestern boundary of the 
Wrangellia terrane is apparently offset by ∼60 km across the SJF (Figure 2; DeBari et al., 1999; Muller, 1977), 
combined with our observations of left-lateral fault kinematics, shows the SJF was a major structure that accom-
modated significant displacement.

The kinematics of many of the minor faults along the SJF are also consistent with regional left-lateral shear along 
the main strand of the fault. North-northwest to west striking reverse faults within ∼1 km of the SJF at Site I 
(Figure 3), and ∼500 m of the SJF at Site V (Figure 8), are kinematically compatible with the northeast-southwest 
maximum shortening direction observed along the length of the SJF (Figure 9a). Similarly, right-lateral faults that 
cross-cut the SJF at Sites I and II (Figure 9a) also exhibit similar maximum shortening axes to the left-lateral fault 
plane solutions at Sites I and II. These right-lateral faults are oriented <45° from the main strand of the SJF, not the 
∼75° typical of an antithetic fault (e.g., Fossen, 2016), and may suggest reactivation of older, northwest-southeast 

Figure 8.  Geologic map of Site V along with stereonet projections showing fault planes, slickenlines, and kinematic inversions using n compatible measurements. 
Tabulated kinematic axes data is shown in Table 2. The Site V quarry is located near a southwest-striking fault strand oblique to and north of the main SJF. Site V west 
is located on the main strand of the SJF. Geologic legend is the same as Figure 2. Detailed geologic map of the Site V quarry and fault photos are shown in Figure S9 in 
Supporting Information S1.
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Figure 9.  (a and b) Terrane map of southern Vancouver Island showing two separate deformation events with pseudo fault 
plane solutions. (a) ∼51−33 Ma left-lateral and oblique thrust faulting along the San Juan fault (SJF) that is compatible 
with north-northeast south-southwest shortening accommodated by the Cowichan fold and thrust belt (CFTB). Arrows on 
fault plane solutions show the maximum shortening axis (minimum extension: kinematic axis 3, Table 2). (b) Post-Eocene 
northwest-southeast and southwest-northeast extension accommodated by normal faults cross-cutting the Carmanah 
Group and the underlying Pacific Rim terrane. Leech River fault (LRF) and Survey Mountain fault (SMF) shown for 
reference. Arrows on fault plane solutions show the maximum extension axis (kinematic axis 1, Table 2). (c) Our proposed 
Eocene-Oligocene tectonic evolution of northern Cascadia. Active fault kinematics are shown for each time period; inactive 
faults either have no kinematics shown, or have hollow teeth on the thrust hanging wall. Eocene: Accretion of Siletzia 
along the LRF (e.g., Clowes et al., 1987) and the SWIF (e.g., Johnson et al., 1996) results in left-lateral slip on the SJF, and 
southeast-increasing horizontal shortening accommodated by the Cowichan fold and thrust belt. Oligocene: Left-lateral 
slip on the SJF has ceased, subduction has stepped outboard of Siletzia, and marine sediments of the Carmanah Group are 
deposited in a forearc basin. Geologic legend is the same as Figure 1.
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trending margin-parallel structures. These faults cross-cut and offset the main strand of the SJF by up to 1 km at 
Site I, and 500 m at Site II, suggesting that if they are related, they developed in the later stages of deformation 
along the SJF.

There are two groups of faults where the kinematics derived from slickensides are not consistent with left-lateral 
oblique-slip on the SJF: thrust fault populations at Sites II and IV suggestive of northwest-southeast maximum 
shortening (Figures 6a and 7a), and the numerous normal faults observed at Sites I, II, and III that suggest exten-
sion. However, the anomalous deformation observed in both groups of faults is spatially restricted and did not 
affect the rocks along the entire length of the SJF. Thrust faulting at Sites II and IV is only observed north of the 
SJF in Wrangellia (Figures 6a and 7a). Similarly, the normal fault populations are only observed at the western 
15 km extent of the SJF (Figure 9b). Therefore, we interpret these reverse and normal faults to represent separate 
generations of deformation unrelated to the significant left-lateral slip we document on the SJF.

6.2.  Timing of Left-Lateral Slip on the SJF

The observation of the Carmanah Group non-conformably overlying the SJF at Site I constrains the minimum 
age of slip on the SJF. First, we found no evidence of significant strike-slip or reverse faulting in the Carmanah 
Group sediments above the location of the SJF in the basement terranes. Furthermore, the southwest-dipping 
basal unconformity of the Carmanah Group at Sites I and III occurs at sea level on either side of the inlet (Port 
San Juan, Figures  2,  3, and  6), which suggests no major strike-slip or dip-slip offset of the elevation of the 
basal non-conformity has occurred immediately northwest of the town of Port Renfrew (Figure 2). The lack of 
strike-slip faulting within the Carmanah Group suggests that left-lateral strike-slip faulting on the SJF ceased 
before the deposition of these sediments (as suggested by Rusmore & Cowan, 1985).

Our Sr isotope date and previous estimates of the depositional age of the Carmanah Group at Site I therefore 
constrains the minimum age of brittle left-lateral slip along the SJF to ∼33 Ma (Figure 4; Table 1). We obtained 
this age from a sample collected from sediments <60  m above the basal non-conformity of the Carmanah 
Group. If we assume that the continental shelf setting associated with the rocks had a high sedimentation rate 
typical of forearc basin settings (e.g., greater than 500 m/Myr, Ito, 1992; G. F. Moore et al., 2015), the derived 
Oligocene age could closely represent the time when deposition of the Carmanah Group commenced. A late 
Eocene–early Oligocene age for the section of Carmanah Group sediments at Site I is further supported by 
Eocene-Oligocene ages from other Carmanah Group sites, with similar lithologies, on the west coast of Vancou-
ver Island (Cameron, 1980; Johns et al., 2012; Narayan et al., 2005; Prothero et al., 2008; Tiffin et al., 1972).

Although the available data do not provide direct constraints on the maximum age for brittle left-lateral slip on 
the SJF, cross-cutting relationships with previously dated units and metamorphic fabrics suggest that the earliest 
the brittle SJF was active was the early Eocene. Brittle left-lateral faulting along the SJF cross-cuts metamorphic 
schistose fabric in the Leech River Complex (e.g., Figure 7f), and this schistose fabric has been dated to either 
51 Ma (Groome et al., 2003) or 41−39 Ma (Fairchild & Cowan, 1982). We favor the metamorphic age from 
Groome et al. (2003), as it is based on the ages of the Walker Creek intrusions, interpreted to result from anatexis 
of the Leech River Complex sediments during peak metamorphic conditions (greenschist to amphibolite, high-T 
low-P conditions). In contrast, the Fairchild and Cowan (1982) metamorphic ages are based on K-Ar cooling ages 
and may not be indicative of peak metamorphism. The ∼51 Ma Walker Creek intrusions are also cross-cut by 
left-lateral faulting at Site III (Figure 6), which we interpret is related to left-lateral slip on the SJF.

The cross-cutting relations described above provide a bracket on the timing of the brittle portion of deformation; 
the maximum age of ductile deformation is less constrained. We speculate that early, apparent left-lateral ductile 
shear within proximity to the SJF at Sites I and II was either contemporaneous with or predated the development 
of schistose fabric in the Leech River Complex. The schistose fabric (Figures 6 and 7a), and folding of this 
fabric, are both consistent with a south-southwest north-northeast shortening direction (Figure 6c; Fairchild & 
Cowan, 1982). This shortening direction is roughly compatible with maximum shortening accommodated by 
left-lateral slip on the SJF (Figure 9) and ductile deformation of the Leech River Complex and the Pandora Peak 
unit may have evolved into brittle deformation during exhumation. However, ductile deformation in the Pandora 
Peak unit could also predate metamorphism of the Leech River Complex as peak metamorphism occurred signif-
icantly earlier (99–83 Ma), and the pressure-temperature conditions of the Pandora Peak are different (Rusmore 
& Cowan, 1985). These observations instead suggest that ductile deformation in the Pandora Peak unit may be 
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related to earlier accretion of the Pacific Rim terrane to Wrangellia. Therefore, while we constrain the maximum 
age of brittle deformation to ∼51 Ma, we acknowledge that ductile deformation on the system may have begun 
earlier.

6.3.  Left-Lateral Slip on the SJF During Accretion of Siletzia

The overlap in timing between left-lateral brittle faulting along the SJF (∼51−33 Ma) and the accretion of Siletzia 
(51–42.5 Ma,Eddy et al., 2016; England et al., 1997; Evans & Ristow, 1994; Groome et al., 2003; Johnson, 1984b; 
Miller et al., 2016; Wells et al., 2014) suggests that fault slip was related to this accretion (Figure 9c). The accre-
tion age of Siletzia on Vancouver Island is based on sedimentary sequence analyses and structural mapping in 
western Washington State, and exhumation ages from rocks in the Leech River Complex and sediments deformed 
by the Cowichan fold and thrust belt. Eddy et al. (2016) show that changes in paleoflow directions and increased 
sedimentation rates in the Swauk basin, east of Siletzia, occurred between 51.3 and 49.9 Ma and were likely due 
to accretion of Siletzia. Additionally, northwest-southeast trending, upright folding of the Swauk basin sediments 
and nearby Skagit gneiss complex that is constrained to between 51  and 49 Ma (Miller et al., 2016) is consistent 
with the accretion of Siletzia at this time. To the northwest, 50 Ma exhumation ages from apatite fission track 
dating of sediments in the Cowichan fold and thrust belt (Currie & Grist, 1996; England et al., 1997; Evans & 
Ristow, 1994; Johnson, 1984b) have been linked to deformation resulting from accretion of Siletzia. Finally, Ar 40/
Ar 39 cooling ages of muscovite and biotite from the Leech River Complex, located in between Siletzia and the 
Cowichan fold and thrust belt, indicate cooling interpreted to result from accretion-related exhumation between 
51 and 42.5 Ma (Groome et al., 2003). These ages all point to accretion of Siletzia occurring during, and most 
likely near the beginning of, our inferred ∼51−33 Ma time bracket for left-lateral slip on the SJF.

In addition to the overlap in timing, left-lateral slip or left-oblique with a reverse component of slip are also 
consistent with patterns of deformation resulting from the collision of Siletzia observed by previous work-
ers (Eddy et al., 2017; England & Calon, 1991; Johnson et al., 1996; Johnston & Acton, 2003; Massey, 1986; 
McCrory & Wilson, 2013; Wells et al., 2014). In the Eocene Cowichan fold and thrust belt northeast of the SJF, 
we assume southwest-northeast horizontal shortening perpendicular to the strike of the folds and thrust faults 
mapped in the Nanaimo Group sediments (Figure 9a; England & Calon, 1991). The maximum horizontal short-
ening axis associated with left-lateral slip on the SJF is subparallel to the shortening direction associated with the 
Cowichan fold and thrust belt (Figures 9a and 9c). This observation, along with the observation that both struc-
tures were active in the Eocene, suggests that the SJF and Cowichan fold and thrust belt may be kinematically 
linked, and are both related to the Eocene collision of Siletzia.

We infer that because the SJF was active at the same time as the Cowichan fold and thrust belt, Eocene left-lateral 
slip could also deform the Cretaceous Nanaimo Group sediments (Figure 9c). England and Calon (1991) suggest 
the SJF offsets and soles into the frontal northwest-striking reverse faults of the Cowichan fold and thrust belt, 
consistent with both structures being active at the same time. This geometry also explains the significantly lesser 
inferred offset of the Nanaimo Group sediments and Cowichan fold and thrust belt, compared to the ∼60 km of 
apparent offset of Wrangellia (Figures 2 and 9c). However, outcrops that could further determine these relation-
ships are obscured by cover and the Saanich Inlet (Figure 2), and therefore the exact structural relations between 
the Nanaimo Group, the Cowichan fold and thrust belt, and the SJF are still unclear.

If left-lateral slip on the SJF is related to collision of Siletzia, we suggest that it could have helped accommodate 
the along-strike gradient in minimum shortening documented in the Cowichan fold and thrust belt (18% to ∼31% 
over ∼60 km toward the southeast, Figure 9c; England & Calon, 1991; Johnston & Acton, 2003), when both were 
active in the Eocene. We speculate the southeastward increase in shortening may be due to accretion of a thicker 
or more buoyant portion of Siletzia in the southeast (Washington State) by comparison to the northwest (British 
Columbia; e.g., Johnston & Acton, 2003). The Eocene eruption of ocean island basalts associated with Siletzia 
(Massey, 1986; Phillips et al., 2017; Wells et al., 2014), and collision during eruption and shortly thereafter (e.g., 
England et al., 1997; Timpa et al., 2005; Wells et al., 2014), could have resulted in the subduction of relatively 
young and buoyant lithosphere, a process that can lead to frontal or basal accretion (K. Vogt & Gerya, 2014). Both 
basal and frontal accretion involve accretion of oceanic material onto the continental margin and result in signif-
icant deformation of the upper crust (K. Vogt & Gerya, 2014). Collision of an isolated portion of more buoyant 
crust, such as a recently erupted oceanic plateau or an active spreading center, has been shown to cause localized 
crustal shortening, or indentation, of the overriding plate (e.g., P. R. Vogt et al., 1976; Wallace et al., 2009). The 
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left-lateral slip along the SJF could have facilitated the Eocene indentation of the oceanic plateau of Siletzia and 
the associated lateral shortening gradient. Eocene left-lateral slip observed on other similar-striking crustal faults 
to the south of the SJF, including the Leech River fault (Fairchild & Cowan, 1982) and Devils Mountain fault 
(Evans & Ristow, 1994; Hayward et al., 2006; Johnson et al., 2001; Personius et al., 2014), may have also accom-
modated this crustal shortening gradient due to oceanic plateau collision (Figure 9c).

6.4.  Implications for the History of Terrane Amalgamation on Southern Vancouver Island

Our results suggest that although the brittle SJF separates the Pacific Rim terrane from Wrangellia, accretion of 
the Pacific Rim terrane was not accommodated by brittle left-lateral slip along the fault (e.g., Brandon, 1989b; 
Johnson, 1984a; MacLeod et al., 1977; Muller, 1977). We speculate that the Pacific Rim terrane was instead 
accreted to the western margin of Wrangellia along a northwest-southeast trending plate boundary fault that 
included the Survey Mountain fault (e.g., Rusmore & Cowan, 1985). Rather than accommodating accretion of 
the Pacific Rim terrane, the brittle SJF was a major strike-slip structure cross-cutting the older Survey Mountain 
fault, and accommodating upper plate deformation during the Eocene accretion of Siletzia (Figure 9c).

Our interpretation of Eocene left-lateral slip on the SJF suggests that the original Late Cretaceous terrane bound-
ary between the Pacific Rim terrane and Wrangellia (Survey Mountain fault) was offset left-laterally during the 
Eocene (Figure 9c). The continuation of the Survey Mountain fault could be the northwest-striking West Coast 
fault which separates the Pacific Rim terrane from Wrangellia along the west coast of Vancouver Island near the 
towns of Ucluelet and Tofino, northwest of our study area (Brandon, 1989a). The offset of the original Pacific 
Rim-Wrangellia terrane boundary (Survey Mountain Fault) is consistent with the SJF juxtaposing rocks with 
different metamorphic assemblages in the Pandora Peak unit and Wrangellia (Rusmore & Cowan,  1985), in 
addition to the ∼60 km of apparent left-lateral offset of the Wrangellia terrane across the SJF (Figures 2 and 9).

Ductile deformation observed at Sites I and II may represent evidence of earlier (Cretaceous-Paleogene) defor-
mation related to Pacific Rim terrane accretion. However, the observed ductile deformation could be a result of 
exhumation of a deeper portion of the Eocene SJF brittle structure. The ductile deformation was observed only in 
the western portions of the SJF, at Sites I and II, in a region where metamorphic mineral assemblages in previous 
studies have argued for increased post-Eocene exhumation by comparison to the eastern half of the SJF (Fairchild 
& Cowan, 1982; Rusmore & Cowan, 1985; Timpa et al., 2005). The observed ductile deformation therefore needs 
further study before its implications can be understood.

6.5.  Erosion, Sedimentation and Deformation Post-Dating SJF Left-Lateral Slip: Forearc Basin 
Processes?

Our observations within the stratigraphy of the Carmanah Group sediments, and post-Eocene deformation at 
the western end of the SJF, have implications for the regional post-Eocene tectonic setting. We speculate that 
sedimentation and apparent sea level rise recorded by fining-upwards stratigraphy (Figure 4) may be related to 
forearc basin formation after the initiation of the modern Cascadia subduction zone by 45–42 Ma (Figure 9c, du 
Bray & John, 2011; Eddy et al., 2017; Wells et al., 2014). The deposition of a fining-upward sequence of marine 
sediments above the erosional non-conformity at the base of the Carmanah Group could imply apparent sea level 
rise throughout the time period of deposition during the late Eocene to early Oligocene. These observations are 
consistent with fining-upwards sedimentary sequences observed in the late Eocene Escalante Formation north-
west along the coast of Vancouver Island (Cameron, 1980; Jeletzky, 1954; Narayan et al., 2005), and to the south 
in the late Eocene–early Oligocene Makah Formation on the Olympic Peninsula (Snavely et al., 1980).

In addition, the normal faults we observe to cross-cut both the Carmanah Group sediments and rocks of the 
Pacific Rim terrane (Figure 9b) could be related to regional extension that is commonly documented in forearc 
basins (e.g., Conin et al., 2012; Regalla et al., 2017; Vannucchi, Ranero, et al., 2003; Von Huene & Suess, 1988; 
Wang et al., 2012). The normal faults within the Pacific Rim terrane (Sites I–III, Figures 3, 6a, and 6b) have simi-
lar kinematic axes to those in the Carmanah Group (Table 2; Figure 9b) and we infer that both are the result of a 
distinct deformation event that is younger than the Eocene left-lateral slip we observe on the SJF. At Site I on the 
west coast of Vancouver Island, normal faults at Q1 and Q2 offset thrust and strike-slip faults (Figure 3; Figures 
S7 in Supporting Information S1), indicating they are the result of post-Eocene deformation that affected the 
Carmanah Group. At Sites II and III, the kinematic axes derived from kinematic inversions of these normal fault 
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populations are subparallel to those in the Carmanah Group (Figure 9b). We also only observe significant normal 
fault populations in the Pacific Rim terrane within ∼15 km of the southwest coast of Vancouver Island, proximal 
to where normal faults are also documented in the Carmanah Group. Because of their location in what we, and 
previous authors, interpret as a forearc basin, and their orthogonal orientations, we interpret these normal faults 
could be similar to orthogonal sets of normal faults found in forearc basins along other margins (e.g., Kumano 
forearc basin, Sacks et al., 2013).

Finally, because we do not observe strike-slip faulting of the Carmanah Group sediments, we consider the 
right-lateral faults mapped along the western SJF (Sites I and II) do not represent Quaternary deformation that 
has been recognized elsewhere on southern Vancouver Island. Paleoseismic investigations of the Leech River 
fault, 10–25 km south of the SJF (Figure 2), indicate that the eastern, northwest-southeast striking segment of this 
structure has hosted Holocene right-lateral oblique surface rupturing earthquakes (Harrichhausen et al., 2021; 
Morell et al., 2017, 2018). As the Carmanah Group sediments only overlie the SJF at the western end of the fault, 
it is possible that only the western SJF may be inactive (Sites I and II), and we cannot rule out active right-lateral 
faulting at Sites IV and V to the east. Further studies are required to test this hypothesis.

7.  Conclusion
Kinematic analyses and geologic mapping show the SJF was a major strike-slip fault that accommodated 
left-lateral brittle slip.  Brittle left-lateral slip along the SJF cross-cuts ∼51  Ma metamorphic foliation and 
magmatic dykes, while marine shelf sediments of the Carmanah Group non-conformably overlie the SJF at 
the western end of the fault. A Sr isotope date of foraminifers from these sediments suggests their deposition 
in the late Eocene–early Oligocene, which is consistent with previous age estimates and constrains the timing 
of left-lateral slip on the SJF to the Eocene. This Eocene left-lateral slip along the SJF is temporally and kine-
matically consistent with north-northeast-south-southwest shortening during formation of the Cowichan fold 
and thrust belt and accretion of the Siletzia ocean island plateau. We suggest the SJF, along with a network of 
crustal faults in northern Cascadia, accommodated a southeastward increase in crustal shortening resulting from 
accretion of a more buoyant, potentially younger, or thicker, portion of Siletzia south of the SJF. Orthogonal 
west-northwest trending (coast-parallel) and north-northeast trending (coast-perpendicular) normal faults, that 
we observe deforming the late Eocene–early Oligocene Carmanah Group sediments, are post-terrane accretion 
and not related to slip on the SJF.

Data Availability Statement
Additional figures are provided in the Supplementary Material. Tabulated structural data, and Sr isotope data 
(Harrichhausen et al., 2022) are stored in a data repository that can be accessed at: https://datadryad.org/stash/
dataset/doi:10.25349/D9CD03. Topographical data used to create geology maps are from the Canadian Digi-
tal Elevation Model Database available at: https://open.canada.ca/data/en/dataset/957782bf-847c-4644-a757-
e383c0057995. Stereonet 10.1.6 and FaultKin 8.1.2, used for structural analyses and kinematic inversions, are 
both available at https://www.rickallmendinger.net/.
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