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ABSTRACT  50 

Linking fault behavior over many earthquake cycles to individual earthquake behavior is a 51 

primary goal in tectonic geomorphology, particularly across an entire plate boundary. Here, we 52 

examine the 1150-km-long, right-lateral Queen Charlotte-Fairweather fault system using 53 

comprehensive multibeam bathymetry data acquired along the Queen Charlotte Fault (QCF) 54 

offshore southeastern Alaska and western British Columbia. Fine-scale analysis of tectonic 55 

geomorphology allowed us to identify and reconstruct 184 strike-slip piercing points over a 630 56 

km stretch of the QCF. Age constraints from glacial recession and offshore sedimentation 57 

patterns yield a consistent slip-rate of ~50–57 mm/yr since ~17–12 ka, the fastest rate for a 58 

continent-ocean strike-slip fault on Earth. These slip-rates equal or exceed estimates of 59 

Pacific/North America (PA-NA) relative motion from global plate reconstructions, indicating that  60 

PA-NA motion is highly localized along a mature fault. The QCF cuts the seafloor along a 61 

narrow and unusually straight surface trace along its entire length and multiple fault traces are 62 

observed only at local step-overs. The geometry and behavior of the QCF over many earthquake 63 

cycles is simple and typical of mature faults with relatively homogeneous stress fields. Since the 64 

QCF is the primary PA-NA plate boundary, we computed an Euler pole to describe PA-NA 65 

relative plate motion. Predicted along-strike obliquity variations based on the new pole agree with 66 

observed tectonic geomorphology and suggest that previous studies overestimated the degree of 67 

oblique convergence along the QCF. We also find that subtle, long-wavelength (75–150 km) 68 

bends and discrete step-overs appear to define the endpoints of M>7 earthquakes, suggesting that 69 

obliquity and resultant fault geometry may control rupture segmentation and asperity 70 

development. Lastly, the agreement between predicted obliquity and tectonic geomorphology 71 

along the entire length of QCF compelled a reevaluation of regional tectonic models. In the north, 72 

the eastern Yakatat Terrane appears to be translating northwest with the Pacific plate, and slip 73 

transferred from the QCF to the Fairweather Fault results in ~20 mm/yr of convergence along the 74 

southern St. Elias mountains. In the south, we predict a reduced rate of convergence along the 75 
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QCF west of Haida Gwaii (~5–6 mm/yr of shortening, on average) relative to previous studies. 76 

Our results support a model for transpression and strike-slip partitioning along the edge of a hot 77 

and weak Pacific Plate, leading to crustal thickening and growth of the Queen Charlotte Terrace 78 

to the west of Haida Gwaii.  79 

 80 

1.  Introduction 81 

A ~1150 km-long transform boundary between the Pacific and North America (PA-NA) 82 

plates stretches from Yakutat, Alaska, to the southern tip of Haida Gwaii, British Columbia (Fig. 83 

1). In the north the boundary is defined by the ~300 km-long onshore Fairweather Fault, which 84 

steps offshore at Icy Point and becomes the Queen Charlotte Fault (QCF) for the remaining ~850 85 

km southward to the vicinity of the Queen Charlotte triple junction (Fig. 1 inset). The fault 86 

system accommodates primarily right-lateral shear and has generated seven M>7 earthquakes 87 

during the last 100 years (Fig. 1a). A M7.8 thrust event near Haida Gwaii in 2012 and a M7.5 88 

strike-slip event west of Craig, Alaska, in 2013 (Fig. 1a) highlighted the along-strike differences 89 

in plate boundary mechanics from north to south due to an increasing component of convergence 90 

south of 53.1°–53.2°N (e.g., Tréhu et al., 2015). Although the QCF is one of the world’s most 91 

seismically active strike-slip faults, its tectonic structure, kinematics and long-term evolution 92 

remain poorly understood relative to many of its counterparts. Prior to our study, there were no 93 

comprehensive investigations of the fault’s tectonic geomorphology due to its offshore location.  94 

The primary objective of this investigation was to examine the relationships between 95 

fine-scale tectonic geomorphology, along-strike changes in oblique convergence/divergence, and 96 

historical rupture patches along an entire plate boundary fault system, and evaluate regional 97 

tectonic models within this observational framework. New high-resolution seafloor mapping data 98 

reveal exceptional preservation of faulted geomorphic features along the entire length of the QCF, 99 

providing an opportunity to study the linkages between fault behavior over 100+ earthquake 100 

cycles (i.e., 12–17 ka) and rupture characteristics from historical earthquakes. We present a 101 
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catalog of 184 horizontally offset piercing points representing cumulative fault movement since 102 

late Pleistocene time. The interplay between Cordilleran Ice Sheet recession, outwash 103 

sedimentation, and relative sea level transgression from ~17 to 11 ka is used to develop an age 104 

model for the offset geomorphic features and estimate slip-rates. The ~850 km stretch of plate 105 

boundary examined in this study appears to be localized to the QCF, making it a relatively simple 106 

end-member amongst the global catalog of strike-slip fault systems.  107 

 108 

 109 

2. Queen Charlotte-Fairweather Fault System 110 

a. Tectonic Setting 111 

Previous studies have examined the tectonic evolution, kinematics and rupture processes of 112 

the QCF based on regional-scale geophysical observations and have noted along-strike changes in 113 

behavior from north to south (e.g., Tréhu et al., 2015; Demets and Merkouriev, 2016; ten Brink et 114 

al., 2018). The onshore Fairweather Fault defines the boundary between the North America plate 115 

and the Yakutat Terrane (Fig. 1). It strikes ~20–35° oblique (counterclockwise) to Pacific/North 116 

America (PA-NA) relative plate motion, resulting in transpression, distributed deformation, and 117 

uplift of the southern St. Elias Mountains (Fig. 1; Pavlis et al., 2004). The Fairweather Fault 118 

ruptured in the 1958 M 7.8 strike-slip event, producing 3–5 m of coseismic slip northwest of Icy 119 

Point (Tocher et al., 1960), and Plafker et al. (1978) estimated a 48–58 mm/yr slip-rate since 120 

~1,300 years ago based on offset moraines along the same section. GPS models suggest the slip-121 

rate on the Fairweather Fault varies from ~37 mm/yr near Yakutat, Alaska, to ~46 mm/yr near Icy 122 

Point (Elliot et al., 2010). The Yakutat Terrane is separated from the Pacific plate along its 123 

southern edge by the Transition Fault, which has been inferred to connect with the QCF near the 124 

Yakobi Sea Valley (YSV), creating an apparent triple junction (von Huene et al., 1979; Bruns and 125 

Carlson, 1987). The true relationship between the QCF and Transition Fault is unknown.  126 
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Early studies noted evidence for cumulative right-lateral offset on the QCF at the southern 127 

edge of the YSV and mapped its general location along the ocean-continent boundary for another 128 

~800 km southward to the Queen Charlotte triple junction (Fig. 1 inset; Von Huene et al., 1979; 129 

Bruns and Carlson, 1987; Hyndman and Hamilton, 1993; Rohr and Furlong, 1993). Based on 130 

seismicity alone (Nishenko and Jacob, 1990; Mazzotti et al., 2008) the plate boundary offshore 131 

southeastern Alaska appears to be localized along the QCF, yet several additional faults to the 132 

east and west are included in Quaternary fault maps, such as the Chatham Strait and Transition 133 

faults (Plafker et al., 1994). Besides the Transition Fault, little to no seismic activity is observed 134 

along the mapped traces of the other faults and differential strain across them has not been 135 

directly resolved in GPS velocity fields or observed in late Quaternary geologic records (Bruns 136 

and Carlson, 1987; Pavlis et al., 2004; Elliot et al., 2010; Brothers et al., 2018b). Although the 137 

GPS velocity field is unconstrained west of the QCF, plate-circuit reconstructions estimate the 138 

average PA-NA relative motion since 0.78 Ma to be 48–53 mm/yr for this offshore plate 139 

boundary (Demets and Merkouriev, 2016).  140 

Tréhu et al. (2015) estimated the degree of fault obliquity (α) relative to PA-NA plate motion 141 

predicted by the MORVEL plate reconstruction model (Demets et al., 2010), and then divided the 142 

QCF into three sections based on seafloor morphology and subsurface structure observed in 143 

widely spaced seismic reflection profiles: (1) a northern section closely aligned with predicted 144 

plate motion vectors (α≈5°) and characterized by strike-slip earthquakes on a steeply dipping fault 145 

plane; (2) a central section with increased obliquity (α>10°) and adjacent to a series of structural 146 

ridges west of the QCF (Fig. 1b); (3) a southern section offshore Haida Gwaii (~54°N to ~52°N) 147 

dominated by a greater degree of transpression (α>15°), a series of short restraining steps, and 148 

both strike-slip and thrust earthquakes that have nodal planes approximately parallel to the QCF. 149 

The southern section is parallel to the ~30-km-wide Queen Charlotte Terrace (Fig. 1b), a mid- to 150 

lower-slope platform characterized by complex morphological patterns and subparallel thrust and 151 

reverse faults (Rohr et al., 2000).  152 
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The evolution and mechanics of the plate boundary offshore Haida Gwaii are debated. 153 

Some studies suggested that oblique deformation is partitioned between strike-slip motion on the 154 

near-vertical QCF and convergent deformation on subparallel thrust and reverse faults embedded 155 

in the Queen Charlotte Terrace (Dehler and Clowes, 1988; Bérubé et al., 1989; Rohr et al., 2000; 156 

Rohr and Tryon, 2010; Tréhu et al., 2015). Another model, summarized by Hyndman (2015), 157 

proposed that convergence is accommodated by incipient Pacific plate subduction, or 158 

underthrusting, beneath Haida Gwaii and the translational component along the QCF (e.g., 159 

Hyndman and Hamilton, 1993; Bustin et al., 2007; Wang et al., 2015). In this model, the Queen 160 

Charlotte Terrace is proposed to be analogous to an accretionary prism along a subduction 161 

margin. The competing models were based on sparse geophysical observations and very limited 162 

seafloor mapping data along the length of the QCF. 163 

South of Haida Gwaii, deformation is highly distributed and seafloor faulting is difficult 164 

to map in the vicinity of the Queen Charlotte triple junction (e.g., Rohr and Furlong, 1993; Rohr, 165 

2015). The transform boundary ultimately links with a series of short segments of the Explorer 166 

spreading ridge where nascent oceanic crust is translated northward along the QCF and 167 

progressively increases in age from south to north. 168 

 169 

b. Glacial Processes and Sedimentary History 170 

The western extent of North America’s Cordilleran Ice Sheet covered much of 171 

southeastern Alaska and western British Columbia during Quaternary glacial periods (e.g., 172 

Kaufman et al., 2011). The continental shelf is cut by a series of broad glacially scoured valleys 173 

(Fig. 1b) that formed during eustatic sea level lowstand, when ice lobes extended to the shelf-174 

edge. These valleys have acted as primary pathways for outwash sedimentation delivered to the 175 

shelf-edge and beyond during periods of glacial recession (Stevenson & Embley 1987; Carlson et 176 

al., 1989). The most recent retreat of the Cordilleran Ice Sheet from the open continental shelf, at 177 

the end of the Last Glacial Maximum (LGM), began around 17 ka and ice continued to recede 178 
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from the coastal fjords until ~13 to 12 ka (Barrie and Conway, 1999; Mann and Streveler, 2008; 179 

Davies et al., 2011; Addison et al., 2012; Praetorius et al., 2015; Darvill et al., 2018; Lesnek et al., 180 

2018; Ager, 2019). The flood of outwash sediment delivered to the margin during this glacial-181 

interglacial transition created channels, trough-mouth fans, debris aprons and networks of 182 

submarine canyons and gullies (Barrie et al., 2013; Brothers et al., 2018a; Greene et al., 2018). 183 

Many of these relic geomorphic features are offset by fault movement and can be used to 184 

reconstruct average rates of motion along the QCF. 185 

The ice lobes that occupied shelf sea valleys during the LGM would have been highly 186 

unstable during the early stages of recession (e.g., Pfeffer, 2007). The initial phase of recession 187 

from the open shelf at 17.0±0.7 ka (Lesnek et al., 2018; Ager, 2019) is expected to have 188 

generated a pulse of outwash sedimentation along much of the margin. Several areas of the shelf 189 

were topographically isolated from subsequent meltwater discharge, leaving low-lying sea valleys 190 

as the preferred conduits for sediment transport to the margin. Baranof, Chichagof, and Haida 191 

Gwaii islands appear to have acted as topographic barriers to lobes of the Cordilleran Ice Sheet 192 

and major outwash pathways crossing the continental shelf (Clague, 1980; Carrara et al., 2007). 193 

These islands supported only local valley glaciers that began retreating ~19 to 17 ka, followed by 194 

rapid deglaciation at ~15 ka that introduced a flood of sediment to the shelf and slope. The outer 195 

shelf of southeastern Alaska and Haida Gwaii remained subaerially exposed until ~13 ka, when it 196 

was inundated by a rise in relative sea level. Therefore by 13–12 ka there was a nearly complete 197 

shutdown of outwash-derived sediment reaching the slope, although the precise timing varies 198 

along the margin. After ~12 ka, geomorphic modification of the continental slope would have 199 

been governed by local mass wasting processes and tectonic deformation (Brothers et al., 2018a; 200 

Greene et al., 2018).  201 

 202 

3. Data and Methods 203 

3a. Seafloor Fault Mapping  204 
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Seafloor mapping and morphological analyses presented in this study are based on 205 

several multibeam echosounder (MBES) datasets. The QCF and surrounding slope were mapped 206 

between 2009 and 2018 using high-resolution MBES systems, including a Reson Seabat 7160 (44 207 

kHz) aboard the R/V Medeia, a Reson Seabat 7111 (100 kHz) aboard the R/V Solstice, and a 208 

Konsberg Simrad EM710 (70 kHz) aboard the R/V Fairweather and the R/V Vector (Barrie et al., 209 

2013; Brothers et al., 2018a; Greene et al., 2018). These data were merged with lower resolution 210 

MBES datasets spanning the Gulf of Alaska region (https://www.ngdc.noaa.gov). Raster surface 211 

derivatives (surface gradient and aspect) were created from 5-, 10-, and 20-m bathymetric 212 

elevation models and used to map the entire length of the fault except for a ~40-km-long stretch 213 

west of Haida Gwaii that required a sidescan sonar mosaic from Davis et al. (1987). The digitized 214 

trace of the QCF was merged with a previously mapped trace of the onshore Fairweather Fault 215 

(Plafker et al., 1994).  216 

 217 

3b. Reconstructing Horizontal Fault Motion 218 

Piercing points are geomorphic and geologic features on Earth’s surface that have been 219 

displaced by motion along a fault. Reconstructing and dating piercing points provides estimates 220 

of long-term slip-rates and constrains a fault’s behavior over multiple earthquake cycles. Despite 221 

the widespread application of these approaches to terrestrial strike-slip faults, the application of 222 

similar tools in subaqueous settings is limited. We cataloged and quantitatively reconstructed 184 223 

horizontally offset piercing points spanning a 630 km stretch of the QCF (see Supp. Table S1, 224 

Supp. Figs. S1–S12, and Supp. Video S1). For each piercing point, we assigned a quality rating 225 

of either high (1), moderate (2), or low (3), depending on structural and geomorphic complexity 226 

of the surrounding fault zone, the sharpness of the offset feature, and evidence for spatial 227 

clustering of similar-aged features that are offset the same amount and appear to represent sub-228 

features within a common depositional system (e.g., networks of rills on the surface of a fan 229 

apron). We use this rating scheme to characterize the level of epistemic uncertainty in our 230 
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morphological interpretations. A rating of ‘1’ indicates the feature(s) have sharply defined 231 

morphology with correlative features on either side of the fault that do not have an observable 232 

alternative due to its morphological uniqueness. A rating of ‘2’ indicates the feature(s) are less 233 

unique in their reconstruction, but their offset matches that of surrounding features as part of a 234 

clustered set, which increases the uniqueness of the correlation based on the reconstructed offset 235 

for the entire cluster. A rating of ‘3’ suggests the feature is either standalone and lacking in 236 

sharpness, or part of a cluster of features that are poorly expressed individually, but collectively 237 

provide a consistent offset reconstruction. Unreliable sites excluded from the catalog tend to be 238 

solitary features (e.g., a single erosional scarp or ridge line) that are not uniquely matched across 239 

the fault and are not part of a cluster of features. We did not find reliable piercing points with 240 

offsets greater than ~1 km, perhaps due to the extreme seascape modification that occurred during 241 

the glacial-interglacial transition and lack of preservation of features older than ~17 ka.  242 

Sufficiently reliable solitary piercing points and at least one of the highest quality 243 

piercing points located within each clustered set were imported into an updated version of the 244 

LaDiCaoz software tailored for high resolution bathymetric datasets and used for quantitative 245 

offset reconstructions (e.g., Zielke and Arrowsmith, 2012). LaDiCaoz measures individual offset 246 

values and quantifies offset uncertainties by creating a statistical representation of the fault trace 247 

and displaced geomorphic markers. These higher-quality reconstructed horizontal offset values 248 

were used to translate the bathymetric DEMs and to search for clusters of piercing points having 249 

the same amount of offset. Of the 184 piercing points identified, 173 are part of a clustered set.  250 

 251 

3c. Plate Motion Obliquity Estimates 252 

We compute α, the angle of relative obliquity across the fault system, by comparing the 253 

mapped fault orientation along discrete 500 m-long sections to the predicted PA-NA relative plate 254 

motion as defined by an Euler pole and a rate of rotation about the pole (Supp. Table S2).  We 255 

compare two different estimates for α along the QCF as a way to explore (1) the effect of 256 
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uncertainty in the global-plate-circuit-derived Euler poles on obliquity calculations and kinematic 257 

interpretations along the fault system and (2) the observation that the northern QCF traces a small 258 

circle that can be used to compute an alternative plate boundary Euler pole. Our first estimate 259 

uses plate motion vectors for the last 0.78 Ma along a PA-NA small circle derived by global plate 260 

circuit reconstruction by Demets and Merkouriev (2016) (“αD&M”). Our second estimate uses a 261 

new small circle path defined by the mapped trace of the northern section of the QCF (“αQCF”) 262 

and its geological slip-rate estimate, noting that the 220 km-long trace of the QCF between the 263 

YSV (i.e., southern edge of the Yakutat Terrane) and the Chatham Sea Valley is remarkably 264 

narrow, straight, and characterized by steeply dipping strike-slip focal mechanisms. We assume 265 

this section is very closely aligned with plate motion (i.e., α≃0; see details in section 4 below) 266 

and use it to compute the inverse Euler pole, or idealized small circle path, using the Euler pole 267 

calculator developed by Goudarzi et al. (2014).  268 

To examine the relationships between tectonic geomorphology and predicted obliquity, 269 

we compare estimates of α to fault width and slip-rate. We defined fault width as the width of the 270 

primary QCF fault trace as observed in the MBES data, as well as the width of secondary faults 271 

and folds that appear to kinematically connect to the primary trace. Robust width estimates for the 272 

onshore Fairweather Fault are not presently available, though the region is transpressional and 273 

likely contains multiple active faults across a broad zone of deformation (>10 km; Schartman et 274 

al., 2019). Based on observed changes in the near-field tectonic geomorphology and predicted α 275 

values, we split the QCF into three geographic sections (northern 280 km, central 230 km, and 276 

southern 330 km) that are different than those defined by Tréhu et al. (2015). 277 

 278 

4. Results 279 

4a. Fault Zone Morphology and Offset Reconstruction 280 

The Fairweather-Queen Charlotte fault intersection is marked by a 25° change in fault 281 

strike near Icy Point (Figs. 1, 2).  North of Icy Point, the onshore Fairweather Fault is a 282 
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transpressional fault system (Schartman et al., 2019). South of Icy Point the offshore, northern 283 

QCF crosses the YSV, which is enclosed at the shelf edge by a ~100 m-high terminal moraine 284 

and on both sides by steep margins having relief of up to 350 m (Fig. 2). The southeastern margin 285 

is a glacially scoured escarpment that is offset 900±40 m (“YSV offset” in Table 1 and Fig. 2c). 286 

The fault continues southward along the shelf-edge and upper slope as a continuous and narrow 287 

seafloor trace for ~220 km to the Chatham Sea Valley (Figs. 1–3). We observe very little 288 

morphological or structural evidence for oblique deformation along this stretch other than slight 289 

bends associated with short (<2 km long) and narrow transtensional and transpressional features, 290 

such as pull-apart basins (Fig. 3b) and pressure ridges (Fig. 2b). The continental slope 291 

morphology is dominated by canyon and gully networks and submarine landslide scars and 292 

contains virtually no evidence for active tectonic deformation to the west of the QCF. The shelf 293 

edge meanders back and forth across the fault and is offset by the QCF in several locations. 294 

Numerous submarine canyons, gullies, ridges and fan aprons along the upper slope have been 295 

displaced, elongated, and/or warped along the fault. Despite the abundant evidence for truncation 296 

and horizontal translation of these features, correlative features across the fault are not very 297 

abundant. Only three clusters of piercing points were identified along this 220 km-long stretch 298 

with acceptable confidence (Table 1): seven features located just west of the Mt. Edgecombe lava 299 

field (Cluster 1; Fig. 3b) are offset 870±150 m, nine features west of Sitka Sound are offset 300 

800±150 m (Cluster 2; Fig. 3c,d), and four features near Chatham Sea Valley are offset 760±115 301 

m (Cluster 3, Fig. 4a).  302 

We define the transition between the northern and central sections of the QCF at a 2.5 303 

km-wide, 25 km-long transtensional step-over marked by a series of fault-bounded, en echelon 304 

pull-apart basins along the shelf-edge of the Chatham Sea Valley (Fig. 4a). The step-over 305 

coincides with the northern extent of the 2013 M7.5 Craig earthquake (Yue et al., 2013), the 306 

southern extent of the 1972 M7.6 Sitka earthquake (Schell and Ruff, 1989), and the intersection 307 

of the QCF with the projected trace of the Pacific Plate’s Aja Fracture Zone (Fig. 1a). The 308 
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continental slope along the central QCF displays significantly greater morphological variation 309 

than the northern QCF, including several structurally controlled, elongate ridgelines and west-310 

facing escarpments (Figs. 1 and 5a). The fault also has greater variation in strike leading to a 311 

higher number of short (<1 km-wide) step-overs and bends, each associated with slight increases 312 

in fault width. Several distinct sedimentary fan aprons emanate from shelf channels and sea 313 

valleys onto the slope below. The surfaces of each fan contain rills that are horizontally offset the 314 

same amount. Clusters of piercing points (Figs. 1b and 5) are observed on fan aprons below 315 

Sumner Sea Valley (Clusters 4–6), Dixon Sea Valley (Clusters 8–10), and a series of offset 316 

gullies near Noyes Canyon (Cluster 7). The broad (100 km wide) and meandering fan complex 317 

along the slope to the west of Dixon Sea Valley is the most expansive slope depositional system 318 

that crosses the QCF and contains a total of 100 piercing points that span the boundary of the 319 

central and southern fault sections (Clusters 8, 9, 10).  320 

We delineate the central and southern sections of the QCF near the USA-Canada 321 

international border where, south of here, the fault transitions to a more northwesterly strike. The 322 

continental slope of the southern QCF is characterized by complex morphological and structural 323 

patterns associated with the Queen Charlotte Terrace (Fig. 1b). The southern QCF displays 324 

substantial variability in strike, width, and scarp polarity, including the highest proportion of 325 

fault-parallel valleys and localized step-overs and bends. Numerous canyons, gullies, and small 326 

fan aprons cross the upper slope, but terminate into fault-parallel valleys (Barrie et al., 2013; 327 

Greene et al., 2018). Because of this, we identify only five features that can be reliably correlated 328 

across the fault (Cluster 11; Fig. 5f), each with 800±130 m of dextral offset. Near southern Haida 329 

Gwaii, the fault makes a pronounced 4 km-wide, 40 km-long transpressional step, then 330 

immediately takes a 3 km-wide, 50 km-long transtensional step (Fig. 4b). The transpressional step 331 

is associated with positive relief, en echelon pressure ridges and evidence for distributed faulting 332 

and folding across an ~10 km wide zone. The transtensional step is associated with negative relief 333 

and a subsided pull-apart basin.  334 
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 335 

4b. Age Control and Slip-rate Estimates  336 

During the LGM, the YSV was filled with a lobe of the Cordilleran Ice Sheet that 337 

receded from the outer shelf at 17.0 ± 0.7 ka, when the Cordilleran Ice Sheet began to recede 338 

from southeastern Alaska (e.g., Lesnek et al., 2018; Ager, 2019). New bathymetry data reveal a 339 

series of recessional moraines and sediment waves (Fig. 2b), suggesting that the ice front receded 340 

east of the QCF to Cross Sound, where it remained for some period of time after ~17 ka, 341 

providing a robust source of outwash sediment to the YSV at least until ~14 ka, when Icy Strait 342 

became ice free (Mann and Steveler, 2008). Nearby glaciers in the Fairweather Range probably 343 

continued to provide a significant source of outwash sediment to the YSV until ~12 ka (Barron et 344 

al., 2009). Our best constraint on the age of the faulted, glacially scoured surface along the 345 

southern margin of the YSV is therefore 17.0 ± 0.7 ka, which, with the measured 900±40 m offset 346 

(Fig. 2c,d), yields a horizontal slip-rate of 53±3 mm/yr (Table 1).  347 

Lobes of the Cordilleran Ice Sheet were routed around island topography and into the 348 

shelf sea valleys (Fig. 1). The shelf along the Chichagof and Baranof Islands is wide (20–30 km) 349 

and contains local sediment sinks more than 20 km from the shelf edge. We infer that sediment 350 

flows reaching the continental slope west of Chichagof and Baranof islands were most vigorous 351 

during the initial phase of recession at ~17 ka, shutting down shortly afterwards as outwash from 352 

valley glaciers was captured in coastal fjords and lakes. We assume the initial surge of 353 

sedimentation started ~17 ka and lasted until ~15 ka, the age of the earliest pollen record found 354 

on southern Baranof Island (Ager, 2019). Thus we assign an age of 16 ± 1 ka to the gullies and 355 

canyons to the west of Baranof and Chichagof islands that have been offset by the QCF, yielding 356 

average slip-rates between 50–54 mm/yr (Table 1). In contrast, the shelf west of Haida Gwaii is 357 

relatively narrow (< 5 km) placing the slope in close proximity to sources of outwash 358 

sedimentation; submarine gullying and erosion by sediment flows shutdown in this region around 359 

14.5±0.5 ka (Greene et al., 2018).  360 
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Chatham Sea Valley and Dixon Sea Valley were major sources of outwash sedimentation 361 

reaching the shelf-edge during the glacial-interglacial transition, as each drained enormous 362 

catchments to the east and northeast and ultimately fed sediment to the Baranof deep sea fan 363 

system (Fig. 1b). Coastal geology suggests ice lobes feeding Sumner and Chatham sea valleys 364 

were connected (Carrara et al., 2007). Substantial outwash along the central section of the QCF 365 

was directed into one of the sea valleys or into Noyes Canyon, an effect that may have been 366 

exacerbated by a flexural forebulge that developed during the LGM (see summary by Shugar et 367 

al., 2014). Drainage to the shelf-edge may have been further routed into the low-lying troughs 368 

while the forebulge was in the process of collapsing. Outwash through the Chatham and Sumner 369 

sea valleys appears to have continued until ~13.4 ka based on the timing of dramatically reduced 370 

sedimentation observed in a sediment core from the Sumner Sea Valley (Fig. 5a; 14C data and 371 

sediment core logs for EW0408 JC16 provided by Thomas Ager, personal communication). 372 

Therefore, we assign an age of ~13.4 ka to piercing points proximal to Chatham and Sumner sea 373 

valleys (Clusters 3–6; Fig. 5b) and ~17 ka to gullies located between sea valleys (e.g., Cluster 7; 374 

Fig. 5c). These clusters each yield average slip-rates between 51–57 mm/yr (Table 1).  375 

The fan complex on the slope below Dixon Sea Valley (e.g., Fig. 5d,e) contains three 376 

distinct clusters (8–10) of faulted shoots, channels, gullies and erosional scarps. Clusters 8 and 10 377 

have similar offset values (~660 to 680 m), but the offset for cluster 9 is slightly larger (~725 m). 378 

Ice retreated from Dixon Entrance and inland fjords to the east of the sea valley (Fig. 1a) at ~15.5 379 

ka and radiocarbon dated sandy deposits suggest that outwash flows through Dixon Sea Valley 380 

continued until ~12.7±0.5 ka (Barrie and Conway, 1999; Lesnek et al., 2018). We assign an age 381 

of 12.7±0.5 ka to offset piercing points along the adjacent slope fan complex, yielding slip-rates 382 

between ~52–57 mm/yr for clusters 8, 9, and 10. An abrupt cessation of sediment supply to the 383 

slope west of Haida Gwaii (Fig. 5f) appears to have occurred around 14.5±0.5 ka based on nearby 384 

paleoenviornmental reconstructions and dated sediment cores collected within the gully network 385 
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(Barrie & Conway, 1999; Greene et al., 2018). Assigning an age of 14.5±0.5 ka to the features in 386 

Cluster 11 (Figs. 1b, 5f) produces an average slip-rate of ~55 mm/yr (Table 1).  387 

 388 

4c. Obliquity Calculations 389 

Our high slip-rate estimates suggest the PA-NA plate boundary is fully localized to the 390 

QCF. Consequently, tectonic geomorphology typically associated with oblique convergence (α > 391 

0) or divergence (α < 0) along the fault is expected to develop rapidly and form distinct 392 

deformation patterns along the fault. The relative absence of such patterns along the northern 393 

section of the QCF suggests the fault orientation has been closely aligned with plate boundary 394 

motion since at least 17 ka when glaciomarine sedimentary processes last overprinted the modern 395 

seascape. Using a new small circle path defined by the mapped trace of the northern section of the 396 

QCF (“αQCF”) and its geological slip-rate estimate (53 mm/yr), we compute a new Euler pole for 397 

the fault system (W94.39±3.22°, N58.28±3.64°).   398 

We compare the along-strike variations in αQCF and αD&M to the piercing point 399 

distribution, slip-rate estimates, large magnitude earthquake ruptures (see Supp. Table S3 for 400 

details), and Pacific plate age (Figs. 6 and 7). Obliquity calculations reveal the following salient 401 

features: (1) αD&M values suggest the entire QCF is transpressional (mean αD&M=10.0°±6.8°) and 402 

appear to overestimate convergence along discrete bends and step-overs that are clearly 403 

associated with transenstensional pull-apart basins (e.g., Fig. 4), whereas αQCF values predict a 404 

lower degree of convergence along the QCF (mean αQCF=2.6°±5.2°) and show better agreement 405 

with the observed tectonic geomorphology. (2) The predicted obliquity along the entire QCF is 406 

highly variable over short spatial wavelengths (<50 km), but local minima of longer wavelength 407 

fluctuations (~100–150 km) roughly correspond to rupture patches of M>7 earthquakes (Fig. 408 

7c,d). Southwards from Icy Point, each long-wavelength fluctuation shows a progressive increase 409 

in the average degree of convergence (Fig. 7d). (3) A very high degree of oblique convergence 410 

along the Fairweather Fault (mean αQCF=22.4°±9.4°) where transpressional deformation is 411 
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responsible for rapid uplift and exhumation of the southern St. Elias Mountains (Schartman et al., 412 

2019). 413 

As expected, mean αQCF along the northern section of the QCF is near zero (0.4°±3.5°), 414 

but the obliquity of the central section increases only slightly (0.9±3.8°)(Fig. 6). Low-pass 415 

filtered αQCF values (Fig. 7d) for both sections fluctuate between negative and positive obliquity 416 

at ~100 km intervals and local transtensional step-overs are correctly associated with negative 417 

αQCF values (e.g., Figs. 3b, 4). From north to south, we do not observe a systematic change in the 418 

on-fault tectonic geomorphology or increase in obliquity until the fault crosses the USA-Canada 419 

border. The southern section of the QCF has a mean αQCF of 5.6°±5.8°, which is noticeably higher 420 

than αQCF for the northern and central QCF, but significantly lower than the αD&M of 15.6°±6.2° 421 

predicted for this section of the fault (Fig. 6c). The southern QCF also shows semi-periodic 422 

fluctuations in the filtered obliquity values, but most of the section is characterized by positive 423 

obliquity. The localized step-overs shown in Fig. 4b are associated with prominent changes in 424 

obliquity (black arrows in Fig. 6c), distributed faulting, and increased fault zone width (Fig. 7d), 425 

however, the majority of the southern QCF is characterized by a single, continuous and relatively 426 

narrow seafloor lineament.  427 

 428 

5. Discussion 429 

5a. Geomorphic Evolution of the Shelf and Slope  430 

The submarine tectonic geomorphology and offset reconstructions confirm that the most 431 

recent phase of submarine canyon, gully, and fan development along the continental shelf-edge 432 

and slope occurred during the glacial-interglacial transition, and that morphological alteration 433 

thereafter has been limited to tectonic movement along the QCF and post-depositional mass 434 

transport processes. Furthermore, the morphological evolution of the continental slope during the 435 

glacial-interglacial transition appears to have varied spatially and temporally, depending upon 436 

proximity to shelf sea valleys. Away from the sea valleys, major sources of sediment flows shut 437 
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down between ~17 and ~14.5 ka (offset clusters 1, 2, 7, 11), whereas the sea valleys continued to 438 

deliver outwash to the slope until ~13 to 12 ka, which then abruptly shut down due to the rapid 439 

sea level transgression. The sea valley fan systems host more than 85% of the 184 total piercing 440 

points analyzed in this study.    441 

The proximity of the outer islands to the continental slope along the northern (Chichagof 442 

and Baranof) and southern (Haida Gwaii) sections of the QCF isolated the adjacent slope from 443 

the largest sources of glacial outwash. Comparing the fine-scale tectonic geomorphology of the 444 

northern and southern QCF to the central QCF highlights the importance of (a) sediment supply 445 

and (b) antecedent physiography that controls the formation and preservation of high-quality 446 

piercing points. Only the central QCF contains intraslope fan complexes that fully ‘reset’ the fine-447 

scale morphology across the fault during the glacial-interglacial transition. The influence of 448 

antecedent physiography (e.g., fault-parallel valleys) may have been more pronounced in the 449 

regions with lower sediment supply, causing sediment flows to cannibalize piercing points on 450 

either side of the fault zone.  451 

 452 

5b. Localization and Segmentation  453 

The unique preservation of the tectonic geomorphology is partially due to the shutdown 454 

of terrigenous sediment delivery to the margin, but also due to the near-field focusing of 455 

deformation onto a straight, continuous, and narrow fault zone. Differences in the amounts of 456 

horizontal offset appear to be controlled by the age of the offset features, rather than along-strike 457 

changes in slip-rate (Fig. 7; Table 1). Assuming M>7 earthquakes are characteristic over the 458 

observed geological timeframe and produce coseismic displacements of 3-6 m per earthquake, the 459 

tectonic geomorphology analyzed in this study represents hundreds of earthquake cycles. The 460 

geometry and behavior of the QCF over many earthquake cycles is simple and typical of mature 461 

faults with relatively homogeneous stress fields (e.g., Sagy et al., 2007; Scholz, 2019). 462 



 

 19 

Strike‐ slip faults are usually segmented by structural boundaries, such as step-overs and 463 

bends that have a direct influence on the start and end points of earthquake ruptures and 464 

associated moment release (e.g., Wesnousky, 2006; Biasi and Wesnousky, 2017). Three areas 465 

associated with abrupt changes in obliquity along the QCF may represent structurally controlled 466 

segmentation boundaries. (1) The ~20° change in obliquity at the Fairweather-Queen Charlotte 467 

transition (at Icy Point, Alaska) is more than twice the magnitude of the next highest change 468 

anywhere along the fault system. The southern extent of M7.8 1958 event and northern extent of 469 

the M7.0 1927 event are near this boundary, as well as the inferred southern edge of the Yakutat 470 

Terrane (Figs. 1, 7 and 8; Stauder, 1960; Doser and Lomas, 2000). (2) The southern end of the 471 

1972 M7.6 Sitka earthquake (Schell and Ruff, 1989; Doser and Rodriguez, 2011) and northern 472 

end of the 2013 M7.5 Craig Earthquake (Yue et al., 2013) coincide with the transtensional step-473 

over in the Chatham Sea Valley (Fig. 4a), the projected intersection with the Aja Fracture zone 474 

and the associated ~3 Ma change in Pacific Plate age (Fig. 7e). Assuming the pull-apart basin was 475 

filled with outwash sedimentation from Chatham Sea Valley at 13.4 ka, the ~300 m of relief 476 

today yields a vertical subsidence rate of ~22 mm/yr, suggesting the feature is long-lived. (3) The 477 

prominent transpressional/transtensional step-over pair offshore southern Haida Gwaii (Fig. 4b) 478 

coincides with the southern end of the 2012 M7.8 thrust event (Lay et al., 2013) and marks the 479 

transition from localized strike-slip deformation to the north along the QCF and distributed 480 

deformation to the south where the Pacific plate is very young (Rohr et al., 2015).  481 

Rupture patterns also appear to correspond to subtle, long-wavelength (~100–200 km) 482 

fluctuations in obliquity (Figs. 7c,d and 8a) that may represent a geometrical influence on 483 

asperity/nonasperity regions, as demonstrated in numerical models of the San Andreas Fault 484 

(Ben-Zion and Rice, 1993). The ends of the M>7 ruptures appear to correspond to inflection 485 

points in the smoothed α curves. The two largest strike-slip ruptures, the 1949 M8.1 (Rogers, 486 

1986; revised to Mw7.9 by Lay et al., 2013) and 1958 M7.8 (Stauder, 1960), occurred in regions 487 

dominated by oblique convergence and each appears to have ruptured through multiple asperities. 488 
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The other M>7 strike-slip earthquakes ruptured through one obliquity fluctuation, and each 489 

involved a polarity flip in αQCF between divergence and convergence. Such relationships suggest 490 

that moment release and heterogeneity in the strength of the QCF are heavily influenced by slip-491 

perpendicular geometric roughness (e.g., Zielke, 2017). Interseismic strain is expected to 492 

accumulate along these asperities due to elevated normal stresses (Scholz, 2019). Even the 493 

southern extent of the 2012 M7.8 Haida Gwaii rupture corresponds to the prominent bend on the 494 

QCF (Fig. 4b), implying the thrust fault that ruptured beneath the Queen Charlotte Terrance is not 495 

fully decoupled from the QCF. A total of approximately eight possible asperities can be identified 496 

in the low-pass filtered αQCF data (Figs. 7d, 8a).  497 

 498 

5c. Tectonic Models and Plate Boundary Kinematics 499 

Assuming ~53 mm/yr of PA-NA relative plate motion transfers from the QCF onto the 500 

Fairweather Fault near Icy Point (Fig. 2; Table 1), the mean αQCF estimate for the Fairweather 501 

Fault zone (22.4°±9.4°) suggests ~20 mm/yr of convergence is accommodated across this oblique 502 

fault zone (Fig. 8a), consistent with rapid uplift of the rugged and heavily glaciated topography of 503 

the southern St. Elias Mountains (e.g., Pavlis et al., 2004; Schartman et al., 2019). Our 53 mm/yr 504 

slip-rate estimates at the YSV suggests the entirety of PA-NA relative motion is localized on the 505 

QCF for at least 50 km northward of the projected QCF-Transition Fault intersection (see Fig. 506 

1a), implying that the southeastern portion of the Yakutat block is moving northwest with the 507 

Pacific Plate (Plafker et al., 1994). The Transition Fault likely becomes active farther west and 508 

closer to the Pamplona Fault Zone (Gulick et al., 2013). The Euler pole that Elliot et al. (2010) 509 

used in GPS block models to describe motion of the Yakutat Terrane is within the uncertainty 510 

range of our recomputed pole (Fig. 8b), strengthening our postulation that the narrow trace of the 511 

northern QCF accommodates purely strike-slip motion along the small circle path of the PA-NA 512 

plate boundary (Fig. 8c).  513 
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The new Euler pole places the entirety of PA-NA motion on the QCF, implying that 514 

internal plate deformation should be limited east of the QCF.  However, the Demets and 515 

Merkouriev (2016) pole accurately describes PA-NA relative motion from the Gulf of California 516 

through northern California, suggesting that the NA Plate may be internally deforming in at least 517 

two major blocks. The difference between the two poles amounts to ~3 mm/yr of off-boundary 518 

deformation east of the northern QCF and 10—12 mm/yr east of Haida Gwaii, generally 519 

consistent with seismicity and limited GPS observations (Mazzotti et al., 2008).  South of the 520 

QCF, in Cascadia, the difference between the poles increases to ~12—25 mm/yr, which may be 521 

accommodated by Explorer Ridge spreading and rotation in the Pacific Northwest. 522 

Based on predictions from global plate circuit reconstructions several previous studies 523 

inferred >15° of obliquity and 10 to 20 mm/yr of convergence along the southern QCF for the last 524 

~4–6 Ma (e.g, Hyndman and Hamilton, 1993; Rohr et al., 2000; Tréhu et al., 2015; ten Brink et 525 

al., 2018).  The proposed highly oblique plate boundary and the 2012 Haida Gwaii earthquake 526 

that ruptured a thrust fault beneath the Queen Charlotte Terrace have become centerpiece 527 

arguments for subduction/underthrusting of the Pacific Plate beneath Haida Gwaii (e.g., 528 

Hyndman and Hamilton, 1993; Hyndman, 2015; ten Brink et al., 2018). In contrast, Rohr et al. 529 

(2000) and Tréhu et al. (2015) identified discrete increases in QCF obliquity near 54.3°N and 530 

again near 53.2°N (labeled on Fig. 7d) and proposed a substantial portion of the oblique 531 

convergence is accommodated by shortening within the Queen Charlotte Terrace. Traditional 532 

models for strike-slip partitioning in obliquely deforming plate boundaries predict a transition 533 

from wrench-dominated systems to pure-shear dominated (i.e., strike-slip partitioned) systems 534 

when α exceeds ~15° (Tikoff and Teyssier, 1994). Tréhu et al. (2015) suggested the latter 535 

position marks a southward transition from wrench to pure-shear dominance, noting that α>15° 536 

may be required for the creation of the Queen Charlotte Terrace and α<15° is likely too small to 537 

initiate underthrusting.  538 
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Our synthesis of tectonic geomorphology and QCF obliquity implies that global plate 539 

circuit reconstructions have overestimated the convergence along the QCF and that the region 540 

surrounding the Fairweather Fault is the most likely to be strike-slip partitioned according to 541 

traditional models. The αQCF data for the central QCF predict an average of ~1 mm/yr of 542 

convergence (Fig. 8c), but the angle fluctuates by more than 15° along strike and flips between 543 

convergence and divergence (Figs. 7d and 8a). Both locations noted by Tréhu et al. (2015) are 544 

near local inflection points in the smoothed α curves, but are not necessarily mechanical 545 

boundaries. The lower mean obliquity along the southern QCF (αQCF=5.6°±5.8°) and estimated 546 

rate of margin perpendicular convergence (5–6 mm/yr on average) raise several questions about 547 

strain accommodation along the southern QCF. αQCF approaches 15° only along the zone of 548 

localized transpression offshore southern Haida Gwaii (Fig. 4b), but is otherwise well below the 549 

hypothesized thresholds needed to induce underthrusting and/or subduction of the PA Plate 550 

beneath Haida Gwaii.  551 

The ~200 km section of the QCF south of 53.2°N has an average αQCF=7.4°±7.1° (versus 552 

αD&M=18.3°±7.1°), thus the cumulative convergence during the last 4 Myr may be as little as ~26 553 

km, approximately equal to the average width of the Queen Charlotte Terrace (~30 km). Seismic 554 

refraction and gravity modeling suggest the crust beneath the Queen Charlotte Terrace is roughly 555 

twice as thick as the adjacent un-deformed Pacific crust (Rohr et al., 2000; Dehler and Clowes, 556 

1988; ten Brink et al., 2018). We propose that the QCF, located at the ocean-continent boundary, 557 

behaves as a backstop to shortening (Fig. 8c), which is accommodated through crustal thickening 558 

and buildup of the terrace along the eastern edge of the Pacific Plate and, perhaps to a much 559 

lesser degree, by transpression along western Haida Gwaii (e.g., Rohr et al., 2000; Tréhu et al., 560 

2015). This model is consistent with the 2012 Haida Gwaii earthquake, which according to 561 

rupture models, produced an average of 3.3 m of coseismic slip on an 18.5°, east-dipping fault 562 

plane (Lay et al., 2013). Rupture extended updip (west) from a 15.9 km deep hypocenter located 563 

below the Queen Charlotte Terrace, ~3 km east of the mapped surface trace of the QCF 564 



 

 23 

(Earthquakes Canada, 2019), but did not produce aftershocks farther down dip beneath Haida 565 

Gwaii (Lay et al., 2013). The inferred rupture pattern suggests that strain is partitioned along the 566 

southernmost 250 km of the margin, but thrust faults beneath the terrace may not be decoupled 567 

from the QCF (Fig. 8c). Even with α<15°, strike-slip partitioning and pure-shear dominance may 568 

by possible due to the minimal energy required to form new faults along an oceanic plate that is 569 

young (<5 Ma), hot, and weak. As the PA Plate cools during its translation northward from the 570 

triple junction, strike-slip motion appears to localize onto the QCF near southern Haida Gwaii 571 

(Rohr et al., 2015). For at least the last 6-7 Ma, sections of deformed ocean crust have been 572 

continuously translated northward into the central section, where secondary faulting to the west of 573 

the QCF may continue to be minimally active (Tréhu et al., 2015), particularly along structures 574 

proximal to broad fluctuations in αQCF. Strike-slip partitioning, seismicity patterns, and buildup of 575 

the Queen Charlotte Terrace may have more to do with the way deformation is distributed along 576 

the edge of a hot and weak Pacific plate than with a high degree of oblique convergence and/or 577 

underthrusting beneath Haida Gwaii.  578 

 579 

6. Conclusions 580 

The QCF represents a simple end-member strike-slip fault: the PA-NA plate boundary is 581 

localized to a remarkably straight, through-going strike-slip fault for ~850 km along the ocean-582 

continent transition, which allowed us to use a section of the fault itself to recompute its Euler 583 

pole and small circle path. The fine-scale obliquity data based on the recomputed Euler pole 584 

provide remarkable agreement with the observed tectonic geomorphology, slip-rate estimates, and 585 

historical rupture patterns, and argue that global plate motion models overestimate present day 586 

degree of convergence along the QCF. The correspondence amongst M>7 ruptures, discrete step-587 

overs, and subtle, long-wavelength (100–200 km) fluctuations in obliquity suggest that a basic, 588 

geometric control on asperities has developed. Lastly, the case for underthrusting or subduction 589 

of the Pacific Plate beneath Haida Gwaii is questionable when the behavior of the entire fault 590 
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system is taken into consideration. Our results support a model for strike-slip partitioning and the 591 

buildup of the Queen Charlotte Terrace to the west of Haida Gwaii due to transpression along the 592 

edge of a hot and weak Pacific plate.  593 

 594 
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 794 

9. Table and Figure Captions 795 

Table 1. Summary of horizontal offset reconstructions for clustered sets of piercing points along 796 

the Queen Charlotte Fault (see Fig. 1b for locations) See text for descriptions of quality ratings 797 

and age-control. ‘Shelf Setting’ indicates whether the cluster of offset features is located proximal 798 

to a shelf sea valley or an open shelf platform. See supplementary materials for individual feature 799 

data.   800 

 801 

Figure 1. Regional tectonic and physiographic setting of the Pacific-North America plate 802 

boundary along coastal British Columbia (Canada) and Alaska (United States). The inset figure 803 

shows the locations of (a) and (b) (red box) along the Queen Charlotte-Fairweather fault (QCFF) 804 

system and surrounding Pacific-North America plate boundaries. Major faults in the study region 805 

include the Queen Charlotte- Fault (QCF), Fairweather Fault (FF), Transition Fault (TF), 806 

Chatham Strait Fault (CSF), and Aja Fracture Zone (FZ); the TF and CSF are dashed to depict 807 

unknown nature of Holocene activity. (a) Cyan shading over the shaded relief represents the ice 808 

extent during the Last Glacial Maximum (LGM)(modified from Kaufman et al., 2011). Major 809 

earthquake epicenters are displayed as red stars. Contours represent 500 m isobaths. (b) Shaded 810 

relief imagery highlighting the shelf sea valleys described in this study (24-arc-second Southern 811 

Alaska Coastal Relief Model; http://www.ngdc.noaa.gov/mgg/coastal/), including the Yakobi Sea 812 

Valley (YSV), Chatham Sea Valley (CSV), Sumner Sea Valley (SSV), Noyes Canyon (NC), and 813 

Dixon Sea Valley (DSV). The QCF is subdivided into the northern, central and southern sections; 814 

locations of structural ridges (dashed black line) and the Queen Charlotte Terrace (dashed green 815 

line) follow Tréhu et al. (2015) and Rohr et al. (2000). Numbered boxes represent clusters of 816 

http://www.ngdc.noaa.gov/mgg/coastal/
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features that have been offset horizontally by motion along the QCF (see Table 1 and text for 817 

details). Map frames have been rotated to 40° clockwise (see north arrows). 818 

 819 

Figure 2. (a) Transition between the onshore Fairweather Fault (FF) and offshore Queen 820 

Charlotte Fault (QCF) at Icy Point, AK, and intersection of the QCF with the southern margin of 821 

the glacially scoured Yakobi Sea Valley (YSV). Dashed lines denote terminal and recessional 822 

moraines that formed when relative sea level was lower and a lobe of the Cordilleran Ice Sheet 823 

occupied the YSV. Contours represent 100 m isobaths. (b) Enlarged area near Cross Sound 824 

imaged by high-resolution multibeam bathymetry data (color) showing morphological features 825 

along and adjacent to the fault. Small black arrows identify the narrow surface trace of the QCF. 826 

(c) Enlarged views of the northernmost piercing point identified in this study: a glacially scoured 827 

escarpment along the southeastern margin of the YSV that has been offset by motion on the QCF. 828 

(d) Image showing the “undeformed” position yielding a reconstructed horizontal offset (RHO) 829 

of 900±40 m.  830 

 831 

Figure 3. (a) Shaded relief imagery of the Queen Charlotte Fault (QCF) to the west of Sitka, 832 

Alaska (thin black line and arrows). Colored imagery represents high-resolution multibeam 833 

bathymetry data (see Fig. 1a for location). Black dashed line is the interpreted extent of the Mt. 834 

Edgecombe basalt field and imaged in a sidescan sonar mosaic from Greene et al. (2007). Note 835 

the narrow and straight nature of the fault trace, particularly along the outer shelf. (b) Comparison 836 

between α, predicted obliquity data (left), and fine-scale tectonic geomorphology (right) for this 837 

stretch of the QCF; αQCF data provide a better match to the morphology than αD&M  data (see text 838 

for details). Gullies along the upper continental slope have been offset 850 ± 150 m and comprise 839 

a subset of Cluster 1 features, indicated by thin arrows on either side of the QCF. (c) Enlarged 840 

aspect image (i.e., direction of slopes) of piercing points in Cluster 2; (d) the same image after 841 
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restoring features to their “undeformed” positions using a reconstructed horizontal offset (RHO) 842 

value of 850 ± 150 m.  843 

 844 

Figure 4. Shaded relief imagery of prominent transtensional and transpressional step-overs along 845 

the Queen Charlotte Fault (QCF)(thin black lines) that are associated with high amounts of 846 

negative and positive obliquity in the αQCF data. See Fig. 1a for locations. (a) A ~3 km-wide, ~22 847 

km-long transtensional step-over (“pull-apart basin”) separates the northern and central sections 848 

of the QCF. The elongate basin has up to 300 m of vertical relief that has developed since ~13.4 849 

ka. Piercing points along the upper continental slope have been horizontally offset 850 ± 150 m 850 

and comprise Cluster 3 features (dashed box)(Supp. Fig. S4). (b) To the west of Haida Gwaii, a 851 

~40 km-long, ~10 km-wide transpressional step-over (“pressure ridge”) is juxtaposed with a ~5 852 

km long, ~2 km wide transtensional step-over (“pull-apart basin”). αQCF along this transpressional 853 

step-over is the highest (~15°) for any section of the offshore QCF.  854 

 855 

Figure 5. (a) Enlarged map of Queen Charlotte Fault (QCF) between Sumner Sea Valley and 856 

Dixon Sea Valley (map frame has been rotated 40° clockwise). See Fig. 1a for location. The red 857 

dot in the Sumner Sea Valley is the location of sediment core EW0408-JC16, which helped to 858 

provide age control for nearby piercing points. (b–f) Enlarged high-resolution aspect maps (i.e., 859 

direction of slopes) that have been quantitatively restored to their “undeformed” positions 860 

according to the reconstructed horizontal offset (RHO) values (Table 1; see supplementary 861 

materials for complete reconstruction data). Each image shows a subset of piercing points that is 862 

part of a clustered set, as numbered. See Fig. 1a for location of (f) to the west of Haida Gwaii. 863 

 864 

Figure 6. Probability distribution plots of predicted obliquity values for each section of the 865 

Queen Charlotte Fault (QCF). Gray and red distributions compare obliquity estimates based on 866 

two plate motion models: our recomputed stage pole based on detailed fault mapping (αQCF) and 867 
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the 0–0.78 Ma stage pole from Demets and Merkouriev (2016)(αD&M). Vertical dashed lines show 868 

mean values for each fault section. Black arrows in (c) highlight the influence of two prominent 869 

step-overs (Fig. 4b) on the distribution for the southern section.  870 

 871 

Figure 7. Summary of key observations and results along the length of the Queen Charlotte-872 

Fairweather Fault (QCFF) system. Labels at the top and vertical gray shading identifies 873 

prominent geographic/geologic features discussed in the text, including the broad section of the 874 

Fairweather Fault along the southwestern St. Elias Mountains, Icy Point (IP)– the northern extent 875 

of the Queen Charlotte Fault (QCF), Yakobi Sea Valley (YSV), Mount Edgecombe (ME), 876 

Chatham Sea Valley (CSV), Sumner Sea Valley (SSV), Noyes Canyon (NC), Dixon Sea Valley 877 

(DSV), and Haida Gwaii. (a) Plot of reconstructed horizontal offset measurements for all piercing 878 

points identified with a reasonable level of confidence and associated error bounds (thin blue 879 

bars); black bars represent mean and uncertainty about the mean for each cluster of piercing 880 

points (see Table 1; Supp. Table S1).  (b) Plot of slip-rate estimates for individual piercing points 881 

(thin blue bars) and clusters (thick black bars). Error bars include uncertainties in the 882 

reconstructions and age control. (c) Along-strike epicentral locations (stars), centroid of energy 883 

locations (white and black circles), and inferred rupture lengths (black lines) for large earthquakes 884 

(following Tréhu et al., 2015). See Supp. Table S3 for details of earthquake parameters. (d) Plot 885 

of relative obliquity (α) between fault orientation and the relative plate motion vector along 886 

discrete 500 m sections of the QCFF (Supp. Table S2). We show obliquity calculations based on 887 

two plate motion models: 0–0.78 Ma stage pole from Demets and Merkouriev (2016)(black; 888 

αD&M) and a new stage pole computed based the small circle path of the northern section of the 889 

QCF (red; αQCF); thick lines represent smoothed values using a 30 km low-pass filter. The purple 890 

plot shows the surficial fault zone width for each 500 m section. (e) Approximate age of the 891 

eastern edge of the Pacific Plate (dashed black line) following Fig. 3 in Tréhu et al. (2015) and 892 
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digitized from the model of Muller et al. (2008). Colors indicate types of crust to the west of the 893 

QCF. 894 

 895 

Figure 8. (a) Regional map showing variation in the predicted degree of convergence based on 896 

αQCF (red and blue wiggle plot) and small circles used to compute αQCF (green) and αD&M 897 

(magenta).  Note the obliquity associated with two major fault step-overs (labeled for Figs. 4a, b). 898 

Rupture extents for significant earthquakes are drawn as thick black lines parallel to the fault 899 

trace.  Earthquake epicenters are marked by red stars. Beach ball diagrams represent nodal planes 900 

(black/white) or centroid moment tensors (red/white).  Where available, centroid locations are 901 

marked by white circles. See Supp. Table S3 for details of earthquake parameters. (b) Orthogonal 902 

projection showing the relative location of different Euler poles for PA-NA relative motion: (This 903 

study) new Euler pole based on fit to seafloor trace of northern QCF; (DM2016) Demets and 904 

Merkouriev (2016) stage pole for 0—0.78 Ma; and (E2010) Elliot et al. (2010) pole for modern 905 

motion of the Yakutat block relative to a stable North America plate based on GPS observations.  906 

Small circles are draw with same symbols as in (a).  (c) Conceptual tectonic models (after Tréhu 907 

et al., 2015) for the northern, central, and southern sections of the Queen Charlotte Fault (QCF). 908 
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Table	1.

YSV 1 platform 1 900	±	40 17.0	±	0.7 52.9	±	3.2
1 7 platform 3 870	±	150 16.0	±	1.0 54.4	±	10.0
2 9 platform 2.3 800	±	150 16.0	±	1.0 50.0	±	9.9
3 4 sea	valley 3 760	±	115 13.4	±	0.4 56.7	±	8.2
4 12 sea	valley 2 725	±	90 13.4	±	0.4 54.1	±	7.0
5 4 sea	valley 2 760	±	100 13.4	±	0.4 56.7	±	7.7
6 22 sea	valley 1.8 725	±	80 13.4	±	0.4 54.2	±	6.1
7 10 platform 1.8 870	±	70 17.0	±	0.7 51.2	±	4.6
8 35 sea	valley 1.8 660	±	70 12.7	±	0.5 52.0	±	5.8
9 45 sea	valley 2.2 725	±	100 12.7	±	0.5 57.1	±	8.3
10 20 sea	valley 1.6 680	±	70 12.7	±	0.5 53.5	±	5.9
11 5 platform 2.5 800	±	130 14.5	±	0.5 55.2	±	9.2

Northern	
QCF

Central	
QCF

Southern	
QCF

Offset	
Cluster

Slip-rate	
(mm/yr)

Reconstructed	
Horizontal	
Offset	(m)

Approximate	
Age	(ka)

Fault	
Section

Shelf	
Setting
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Mean	Quality	
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